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Abstract

Localised steroid metabolism is important in proliferative disorders of the
endometrium. The metabolism of testosterone, an important precursor in
endometrial disorders, was investigated by mass spectrometry and RT-PCR (real-
time polymerase chain reaction), allowing determination of steroid metabolites and
expression of steroid converting enzymes; aromatase, 178-HSD1, 2, 4, 5, 7, 8,
(hydroxysteroid dehydrogenase) and 5AR1, 2 (alpha reductase). Samples were
derived from cell lines (Ishikawa, HEC-1A, HEC-1B, RL95-2, COV434), and
biopsies; fertile, endometriosis, poly-cystic ovary syndrome (PCOS), endometrial
hyperplasia, unexplained infertility, endometrial polyp.

Optimum mass spectrometry techniques, determined using steroid standards, were
LC/MS for androgens and LC/MS/MS for oestrogens, following dansyl-chloride
derivatisation. GC/MS was less sensitive.

The route of testosterone metabolism varied in the cell lines and clinical biopsies, the
major metabolite was correlated with high expression of SAR1 or 178-HSD2, 4 and
8. If DHT (dihydrotestosterone) was produced high basal expression of SAR1 was
observed and if androstenedione was produced high basal expression of HSD2, 4 or
8 was observed. A mixture of DHT and androstenedione was correlated with
expression of SAR1 and 17p-HSD2, 4 or HSDS.

Changes in enzyme expression were correlated with changes in steroid concentration
after testosterone treatment, as follows:

1. Increased SARI1 expression was correlated with increased DHT concentration
in Ishikawa, HEC-1B, COV434, PCOS, endometriosis, stromal hyperplasia
and ovarian cyst biopsies.

2. Increased expression of SAR2 was correlated with increased androsterone
concentration in fertile and unexplained infertility biopsies.

3. Increased 17B-HSDS5 expression was correlated with increased testosterone
concentration in HEC-1A cells.

4. Increased aromatase expression was correlated to increased oestradiol and
oestrone concentrations in a hyperplasia biopsy.

Analysis of a range of enzymes and steroids produced testosterone metabolism maps
of the endometrium (and associated disorders) highlighting steroids which could
contribute to endometrial disorders and viable enzyme target(s) for inhibition (SAR1,
178-HSD2, 4, 8).
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Chapter One: Steroid Metabolism in the Human Endometrium

1.0 Introduction

This chapter describes steroid structure, metabolism and the roles of specific steroid
converting enzymes in the normal endometrium and endometrial disorders. The
techniques required to establish steroid profiles and steroid converting enzyme

expression are also described.

Steroids are metabolised in a number of tissues in the human body including the
liver, endometrium, brain and breast. Significant steroid metabolism takes place in
the liver, where the majority of cholesterol is produced which goes on to form the
wide variety of other steroids described in figure 1.1. The biosynthetic pathways are
similar in all these organs, however rates of production, important enzymes involved
and concentrations of each steroid can vary significantly. The role of each steroid in
each tissue is varied, for example, oestrogens in the bone protects against progression

of osteoporosis' but have been linked to progression of cancer in the endometrium.’

When steroid metabolism is displaced from a normal pattern a number of steroid
related disorders can occur. Examples of steroid related disorders are;

1. Breast cancer. Localised production of androgens and oestrogens has been
described in breast cancer development.’

2. Addison’s Disease. Decreased secretion of the adrenal glucocorticoids and
mineralocorticoids causes a number of conditions due to low blood sugar and ultra-
filtration problems.*

3. Endometrial cancer. Localised synthesis of oestrogens is thought to be

. . . 5
important in endometrial cancer development.
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1.1 Structure of steroids

Steroids have a four ring system comprising three cyclohexane rings and one
cyclopentane ring.’ Differences in biological activity are due to differing constituent
groups and their stereochemistry on the basic ring structure. Steroids are separated

into five major groups based on their structure and function (Tablel.0).
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Fig 1.0: Numbering of the steroid skeleton.
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Tablel.0. Steroid grouping, structure, origin and biological function in females.

Group name

Typical structure

Tissue of origin

Major biological function in
females

Adrenal cortex

also involved in resistance to
infection (T-cell control) and anti-
inflammatory effects

Mo OR
Androgen Ye Ovaries Precursor of oestrogens in gonadal
Adrenal glands sites such as the ovaries and
extragondal sites such as the brain,
RO bone, and adipose tissue
Cio
Placenta
w f Ovaries Designate female characteristics
Oestrogen Andrenal cortex Regulation of menstrual cycle
Adipose tissue Cognitive function
Breast Bone minerlisation
Ho Endometrium
Cis
i Important for implantation and
Progestin we Ovaries maintenance of pregnancy
Regulation of menstrual cycle
Cy
Affect the mineral content of the
Mineralocorticoid ™ Adrenal cortex blood through ultra-filtration in the
kidneys (re-absorption of sodium and
loss of potassium)
o Affect blood sugar levels and
Glucocorticoid Wo, r stimulate gluconeogenesis in the liver,
Me
o

R= functional group such as alkyl or aryl side chains or hydrogen.
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1.2 Steroid Metabolism

Steroids can be arranged into a bio-pathway based on their metabolism in the body.
A number of different enzymes are involved in steroid metabolism, expression and
activity of individual enzymes within a tissue leads to flux through specific routes of
the bio-pathway. The metabolism routes, rates, and products can vary due to
differences in biological phenotype and steroid converting enzyme expression.
Steroid profiles produced experimentally can indicate metabolism routes, combined
with steroid converting enzyme expression data this can provide novel information
concerning normal and altered steroid metabolism in specific tissues, which could

aid development of specific enzyme antagonists.

Cholesterol is the precursor of steroid metabolism in the human body. It can be
metabolised through a number of key rate limiting enzymes to produce all the
steroids defined in figure 1.1. The initial step is the conversion of cholesterol to
pregnenolone which occurs in the adrenal glands or gonads through the P450scc
enzyme, after this the bio-pathway branches to produce mineralocorticoids or
glucocorticoids or androgens and oestrogens. This occurs in a number of organs and
tissues throughout the human body such as the adrenal glands, liver, ovaries, and
adipose tissue. Active steroids can also be metabolised from their inactive sulphated
analogues (usually present at high concentration in the plasma) through the action of
steroid sulphatase, common circulatory steroid sulphates are
dehydroepiandrosterone-sulphate (DHEAS) and oestrone (E1) sulphate. The route
and production of specific steroids may be important for progression of androgen and
oestrogen responsive conditions; the degree of importance is dependent on the

condition.’
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Fig 1.1: Metabolism of Cholesterol. The left hand side of the diagram illustrates the
bio-pathways for the production of the mineralocorticoid aldosterone and the
glucorticoid cortisol. The right hand side of the diagram illustrates the reversible
metabolism of the androgens, androsterone, androstanediol and the non-reversible
metabolism of the oestrogens, oestradiol and oestrone. a = alpha b = beta, OH=
hydroxyl. Steroid converting enzymes are coloured. Aromatase is the rate limiting
enzyrne in oestrogen bio-synthesis (red). HSD= hydroxysteroid dehydrogenase these
are ether oxidative or reductive enzymes, which have a number of different
isofoims. P450s are a group of enzymes which act at specific points in the carbon
skeleton.

1.2.1 Important steroids in the bio-pathway

There are specific steroids in the bio-pathway that are described as the most potent or
biologically active in their group. The metabolism of these steroids can have a
significant effect on a number of biological functions, for example, DHT
(dihyirotestosterone) is described as the most potent androgen, and is implicated in
development of prostate cancer.8 Oestradiol (E2) is described as the most potent
oestrogen and is highlighted as a key steroid in endometrial cancer development.2

Corthol is the most potent glucocorticoid, it is secreted from the adrenal glands in
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response to stress, an increase cortisol concentration affects a number of biological
functions such as gluconeogenesis in the liver and insulin binding in muscles and
adipose tissue.” Aldosterone is the most potent mineralocorticoid, its major function
is involved in maintenance of blood sodium and potassium levels in the kidney, high
levels of aldosterone have been recorded in patients with heart failure and
myocardial fibrosis, suggesting a role in these conditions."® Accumulation or

depletion of these steroids may lead to progression of endocrine disorders.

Testosterone is another important steroid present in females, it is a major circulatory
androgen and is a precursor to oestrogens synthesis in a number of tissues including
in the normal and proliferative endometrium."! DHEAS is also an important
precursor for androgen biosynthesis through steroid sulphatase. Expression of
steroid sulphatase and the concentration of plasma DHEAS has been linked to
tumour growth and progression through conversion to androgens and oestrogens in

steroid responsive cancers such as adrenal tumours.'?

1.3 Steroid converting enzymes

There are a number of enzymes involved in steroid metabolism represented by the
coloured boxes in figure 1.1. These all act on specific steroid substrates to oxidise,
reduce, hydroxylate, aromatise, or sulphate the steroid precursor. The expression
levels of each enzyme can affect the steroid concentration in that tissue (precursor to
product ratio). Described here are enzymes involved in the androgenic and
oestrogenic metabolism, which could be implicated in hormone responsive
endometrial disorders. Investigations into these enzymes could lead to more specific

treatments for steroid dependent conditions through steroid bio-pathway intervention.

1.3.1 Cholesterol lyase P450scc

P450scc is a member of the cytochrome P450 superfamily, P450s are involved in a
number of biological functions such as oxidation, reduction, aromatisatior, and
hydroxylation. P450scc is important as it catalyses the initial step in steroid bio-
synthesis. The P450scc enzyme cleaves between C20 and C22 of the cholesterol
side chain to produce a ketone group, this is the rate limiting step in the wider

steroidogenesis pathway.'> P450scc action is dependent on the inclusion of the
cofactor NADPH.
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Fig 1.2: Illustration of the conversion of cholesterol to pregnenolone via the P450scc
enzyme.

1.3.2 The aromatase enzyme

P450 aromatase is a member of the P450 superfamily. P450 aromatase comprises of
2 proteins, the first is NADPH-cytochrome P450 reductase and the second is
cytochrome P450 aromatase, which contains a heme molecule and a steroid binding
site.!* P450 aromatase acts on position 3 of the steroid skeleton and converts the
keto group into a hydroxyl group, and converts the 4-ene in the cyclo-hexane ring
into a benzene (tricyclo-hexene) structure (aromatisation).!”” Aromatase converts
androgens to oestrogen (testosterone to oestradiol and androstenedione to oestrone)
which is the rate limiting step in oestrogen synthesis.'® Expression of aromatase has
been studied in many steroid responsive tissues such as the breast and endometrium
and it has been linked to the progression of a number of disorders such as breast
cancer and endometriosis.”” To combat excess aromatase expression a number of
aromatase inhibitors have been developed such as anastrozole.'®

Me OH

OH
. Me

Aromatase

Me

HO

° Oestradiol
Testosterone

Fig 1.3: Illustration of the aromatase conversion reaction. Testosterone
aromatisation to oestradiol.
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1.3.3 The S a-Reductases (SAR)

5ARs are from the 3-oxo-5-alpha-steroid 4-dehydrogenase 2 protein superfamily,'®
which are dependent on the inclusion of the cofactor NADPH.2’ The five a-
reductases act between position 4 and 5 of the steroid skeleton to reduce the double
bond to a single bond. There are two isoforms of SAR, described as SAR1 and
SAR2 which both metabolise testosterone to DHT and/or androstenedione to
androstane-dione. These isoforms however have different affinities for their
substrates.

H
Me oH Me Y

5 Alpha Reductase
——————————

(0] (o]
Testosterone DHT

Fig 1.4: Illustration of a 5-a reductase conversion of C4-ene group in steroid skeleton
to the saturated compound. Testosterone to DHT.

1.3.4 The hydroxysteroid dehydrogenases (HSD)

There are two types of HSDs involved in androgenic steroid conversions under
investigation in these experiments these are 17p-HSD and 3B-HSD which act
primarily at position 17 or 3 of the steroid skeleton to convert between a keto and an
alcohol group (or the reverse). They are all short-chain dehydrogenases/reducatses
except HSD5 which is an all aldo-keto reductase and can act in a reductive or

oxidative manner through the inclusion of NADP(H) or NAD(H) depending on the
21

Me oH Me 2
Me Me
17b-HSD
 17bHSD
(o] O

Testosterone Androstene-dione

Fig 1.5: Illustration of a 178-HSD reaction conversion of a hydroxyl to a ketone
group at position 17. The oxidative reaction is the conversion of testosterone to
androstenedione and the reductive reaction is the conversion of androstenedione to
testosterone.

reaction.
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Fig 1.6: Illustration of a 3B-HSD reductive conversion at the 3 keto group to a 3
hydroxyl group.

Androstane-diol

To date fifteen isoforms of 17B-HSD have been identified which have varying tissue
and cellular distribution.”> The expressions of a number of these isoforms are
investigated in this thesis. The major reactions of each isoform is described below
each HSD may act on multiple substrates.”

17B-HSD1- along with 17B-HSD?2 this is the most widely studied 17p-HSD. 17p-
HSD1 converts oestrone to oestradiol.>* Specific inhibition of this isoform is being
developed for the treatment of endometriosis.

178-HSD2- this isoform converts oestradiol to oestrone, testosterone to
androstenedione, DHT to androstane-dione, androstanediol to androsterone, and 20a-
progesterone to progesterone and is involved in the oxidation of retinols.

178-HSD3- is involved in testosterone metabolism, exclusively in the testes.
Specific inhibition of 17B-HSD3 is being developed for treatment of prostate
cancer.”’

178-HSD4- this isoform converts testosterone to androstenedione, oestradiol to
oestrone, and is involved in peroxisomal fatty acid metabolism.

17B-HSDS- converts androstenedione to testosterone, androstane-dione to DHT,
androsterone to androstanediol and oestrone to oestradiol. 17B-HSDS5 is a
multifunctional enzyme which can also convert at the 3a- or 20a steroid position, for
example converting progesterone to 20a hydroxy-progesterone.>®

17B-HSD6- this isoform converts androstanediol to DHT at position 3, but is still
classed as a 17B-HSD.

17B-HSD7- converts oestrone to oestradiol, DHT to androstanediol and is involved
in cholesterol biosynthesis.

17B-HSD8- converts DHT to androstane-dione, oestradiol to oestrone and

testosterone to androstenedione, and is involved in fatty acid metabolism.

10
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17B-HSD9- converts at the 3 and 17 positions of the steroid skeleton, identified in
the rat, no analogue has been positively identified in humans.

17B-HSD10- this isoform is similar to 17B-HSD4. It has been found in the human
brain and has been linked to Alzheimer’s disease.”’

17B-HSD11-15 are more recently discovered and less widely explored.

1.3.5 Steroid sulphatase and steroid sulphotransferase
Steroid sulphatase is from the animal sulphatase superfamily, which acts through
inclusion of the co-factor calcium. Steroid sulphatase hydrolyses inactive steroid
sulphates into their biologically active analogues. Steroid sulphatase converts the
hydroxyl or phenol group at position 3 into a sulphated analogue, (steroid
sulphotransferase does the reverse of this reaction).

) Me

DHEA sulphotransferase

Me —~ Me

HO' HO—S

DHEA
DHEA-sulphate

Fig 1.7: Illustration of the steroid sulphatase/sulphotransferase conversion reaction.
Conversion of DHEA to DHEA -sulphate (DHEAS) by the steroid sulphatase (DHEA
sulphatase), and the reverse by the steroid sulphotransferase (DHEA
sulphotransferase).

The sulphated analogues of steroids such as the abundant circulatory steroids
oestrone sulphate and DHEAS act as the primary precursors for localised oestrogen
synthesis in breast cancer patients.28 The production of oestrogens in breast cancer
patients through the oestrogen sulphatase pathway has been defined as being 40-500
times higher than the aromatase pathway.”? In endometrial cancers production of
oestrogens through oestrogen sulphatase is an important pathway, however localised
production of oestrogens through androgens and the aromatase enzyme is also
significantly.”’  Steroid sulphatase has also been linked to benign endometrial
conditions, Purohit and co-workers investigated the role of steroid sulphatase in
relation to bio-accumulation of oestrogens in women with endometriosis, they found

that the more severe the condition the higher the sulphatase activity,”® again

11
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suggesting a number of routes for steroid production may contribute to steroid

related disorders.

Steroid sulphotransferase is an enzymes which add a sulphate group to steroid
hydroxyl groups to form the inactive steroid sulphates. They are members of the
SULT (cytosolic sulphotransferase) superfamily,’’ the co-factors required for these
conversions must supply the sulphate group, for example in the conversion of DHEA
to DHEAS, 3’-phosphoadenosine-5’-phosphosulphate (PAP) is the cofactor
supplying the sulphate group.®> Steroid sulphotransferase acts at position 3 to form

the sulphated steroid analogues (as shown in figure 1.7).

1.4 Steroid metabolism
The quantity of any steroid in a specific tissue or within the body depends on four
factors.

1. Secretion. The secretion rate from issuing tissue, such as the ovary, adrenal
glands or adipose tissue.

2. Uptake. The ability of the tissue to uptake the steroid. Steroids are lipophillic
molecules which readily diffuse through cell membranes. The binding of a steroid to
its specific receptor determines the retention of that steroid within the cell. When
steroid-receptor binding occurs the receptor changes configuration and through
regulation of receptor interacting factors can influence expression of target genes.
Expression of these genes can be involved in normal cell cycle processes or can be
involved in progression of steroid related disorders. There are a number of steroid
receptors such as the androgen, oestrogen, progesterone, mineralocorticoid and
glucocorticoid receptors (AR, ER, PR, MR and GR). The ER and PR receptors have
two isoforms known as a and B, the expression of which is dependent on tissue type
under investigation. ERa for example is the main isoform expressed in the
endometrium.>®> ER expression has been directly linked to expression of some
growth factors important in endometrial cancer proliferation.>*

3. Metabolism. The rate of metabolism of the steroid in the tissue under
investigation through conversion to other steroids or steroid analogues is related to
the expression and activity of specific steroid converting enzymes. A steroid within

a tissue can be converted into a number of metabolites, all of which may have

significant biological effects.

12
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4. Inactivation/Excretion. Circulatory steroids are primarily inactivated by liver
sulphotransferases to their inactive sulphated analogues. Steroids are subsequently
removed from the body via the urine or faeces,> to excrete steroids in the urine they
must first be metabolised into hydrophilic compounds this is achieved by a number
of enzymes within the kidneys which reduce, oxidise, hydroxyalte or conjugate the

steroids.>®

1.5 The human endometrium

The endometrium is the inner lining of the uterus illustrated in figure 1.8. Steroids
are important in the normal functioning endometrium, and progression of some
endometrial disorders. The normal cycling endometrium is a dynamic tissue subject
to monthly changes in multiple steroid concentrations as well as changes in steroid
receptor status, gene and enzyme expression. These changes are associated with the
endometrial phases, the proliferative phase (follicular), the secretory phase (luteal)
and the menstrual phase. The endometrium undergoes depletion and repletion during
these phases, making it a unique tissue. The steroids generating these changes are
the ovarian steroids oestradiol and progesterone which cause the morphology of the
endometrium to change throughout the cycle. Oestradiol controls the proliferative
phase by stimulating the endometrial glands stromal cells and epithelial cells to
proliferate. Oestradiol concentrations increase throughout the proliferative phase and
the endometrial lining thickens. Directly following the highest oestradiol
concentration LH (luteinising hormone) and FSH (follicle stimulating hormone) are
produced by the pituitary gland, these hormones are responsible for ovulation and
induction of progesterone secretion in the ovarian follicle. In the secretory phase
oestradiol concentrations reduce and progesterone concentrations increase inducing
endometrial glands to secrete glycogen. If implantation does not occur the corpus
luteum (present in the ovary) degenerates, the levels of oestradiol and progesterone
decreases and the menstrual phase begins.’” These changes in morphology make the
endometrium a difficult organ to study, as the day of the cycle a biopsy is taken can

result in a large variation in steroid concentration or enzyme expression levels.

Any dysfunction or change in global, ovarian or localised steroid metabolism can
result in development of endometrial disorders. The production of excess oestrogens

for example without progestins (unopposed oestrogen) has been shown to promote

13
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growth factors such as insulin-like growth factor and vascular endothelial growth

factor which are implicated in development and progression of endometrial cancer.38

folbpton
Bodyof lube
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Vogma u

Fig 1.8: Diagram of the Uterus. The endometrium is the inner lining of the uterus
labelled above. Diagram from the US National Institute of Health/9

1.5.1 Structure of endometrium

The uterine wall compromises of a number of layers of different cell types. These
are the perimetrium, myometrium, endometrial stromal and endometrial epithelial
layers (figure 1.9). The perimetrium is the outer layer of the uterus, the myometrium
is a thick muscular layer containing arteries which supply blood to the endometrium.

The endometrium itselfconsists oftwo cell types, stromal and epithelial.

Fallopian tube

.~ /Endometrial epithelium
Perimetrium

Endometrial stroma

Inside

Myometrium
y u Uterus

Endometrium
Fig 1.9: Structure of the uterine wall. The uterus has four distinct sections the
perimetrium, myometrium, endometrial stroma and endometrial epithelium.
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1.5.2 The role of stromal cells

Stromal cells make up the connective tissue in the endometrium. Stromal cells are
found in a number of tissues, and act as a support to surface epithelial cells.
Endometrial stromal cells (fibroblasts) have been shown to regulate growth and
differentiation in endometrial epithelial cells via a paracrine relationship.
Throughout the menstrual cycle oestradiol or progesterone bind to receptors
expressed in the stromal cells, which can cause responses in the surrounding

epithelial cells such as promotion of cell development or differentiation.*’

1.5.3 The role of epithelial cells

Epithelial cells cover the surface of an organ, such as the lungs, gastro-intestinal tract
and the endometrium. The epithelium itself can contain glands and has a number of
functions such as secretion (through glands formation) and absorption (of nutrients in
the intestine). There are a number of types of epithelial cells, the cell type is
determined by its shape and how deep the cell layers are, for example squamous cells

are surface (flat) cells and adenomatous cells are glandular.*!

1.6 Current steroid metabolism investigations
Studies which highlight important steroids and steroid converting enzymes involved
in progression of a number of endometrial disorders such as endometriosis,

endometrial hyperplasia, and endometrial cancer have been completed.

The major volume of articles investigating steroid metabolism in the endometrium
and its disorders are concerned with either measuring the concentration of a specific
steroid or the expression of a specific enzyme such as aromatase. In endometrial
cancer investigations, for example Berstein and colleagues recorded oestradiol
concentrations in endometria from normal and cancerous patients.*” Endometriosis
is the most widely investigated benign endometrial disorder many studies focussing
on the expression of aromatase or 178-HSD1 and 17p-HSD2.* Oestradiol has also
been recorded at high concentrations at the site of endometriosis and at endometrial
cancer precursor lesions sites,** while the circulatory oestrogen concentration
remains normal. These studies have lead to the conclusion that localised steroid
synthesis is responsible for the increased tissue steroid concentrations, however the

wider pathways have not been fully explored. Identification of steroid bio-pathways
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in these pathologies permits identification of important metabolism routes and

enzymes allowing future development of specific ‘targeted’ treatments.

The presence (or absence) of a specific enzymes alone does not itself provide proof
of steroid metabolism, to confirm steroid metabolism is occurring a technique which
combines enzyme expression with steroid identification is required. Conclusions
drawn from analysis of a single steroid are restricted, information concerning the
wider bio-pathway is often more informative, Rauh recently described the increased
clinical value of determination a steroid profile in comparison to measurement of a
single steroid in a number of endocrine conditions.* Single enzyme or steroid
studies highlight important, but small parts of steroid metabolism our study aims to
discover the wider picture of steroid metabolism by production of both steroid and
enzyme expression profiles following steroid treatments of endometrial cell lines and

biopsies from benign endometrial conditions.

1.6.1 Endometrial cancer and endometrial established cell line pathologies

Localised oestrogen metabolism and aromatase expression are described as the key
steps in the progression of endometrial cancer. In a healthy endometrium there is
very little aromatase expression. The roles of the hydroxysteroid dehydrogenases, 5-
a reductases, sulphatase, sulphotransferase and other steroid converting enzymes
could also be important in endometrial cancer progression,” however localised
steroid metabolism information in combination with RNA expression data from

multiple steroid converting enzymes has to our knowledge not been undertaken.

An investigation into steroid metabolism in established endometrial cell lines has
been undertaken in this study. Epithelial cancer cell lines are excellent models which
permit investigation into altered steroid metabolism in endometrial cancers.'! The
use of specific cell lines which are known to metabolise steroids permits
development of robust methods for determination of steroid metabolism routes. Cell
lines are employed in these experiments as model systems as they have
homogeneous cell types and can be studied over long time periods (in comparison to
primary biopsies).*® They were also studied to overcome the problems associated
with experimental variation between patients and to optimise and assess the methods

required for determination of steroid profiles and steroid converting enzyme
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expression (which can be later applied to primary cell biopsies). The endometrial
cell lines investigated were the endometrial cell lines, Ishikawa, HEC-1A, HEC-1B,
and RL95-2.

The endometrial cell lines Ishikawa, HEC-1A and HEC-1B are all representative of
endometrioid (type one) cancers. Type one endometrial cancer is hormone
dependent, which progresses if there are increased levels of oestrogens without
increased concentrations of progesterone (unopposed oestrogen).”’” Development of
type one endometrial cancers can occur due to a number of gene abnormalities the
major cause of endometrial cancer is PTEN inactivation (a tumour suppressor gene
approximately 55% of cancers*®), although microsatellite instability (~20%) and
mutations in other genes are also implicated p53 (~5-10%), B-catenin (~25-38%), K-
ras (~13-26%).* Type one cancers have superficial invasion into the myometrium,
are more common in younger women and have good patient prognosis if detected
early. RL95-2 is derived from a uterine adenosquamous carcinoma (a tumour from
both glandular and squamous cells). Once optimised these methods and results were
applied to and compared with steroid metabolism and enzyme expression in a

number of endometrial biopsies from fertile and benign conditions.

1.6.2 Benign endometrial disorders

There are a number of benign endometrial disorders whose development may be
related to an alteration in global or local steroid metabolism. It is vital to elucidate
the steroid bio-pathways in these conditions to determine important steroids and
steroid converting enzymes, before effective treatments can be developed.

1. Poly Cystic Ovary Syndrome (PCOS). The US Department of Health and
Human Services estimates that PCOS affects 1 in 10 women of child bearing age.*
Women with PCOS are defined as having two of the following three symptoms;

i) high levels of the circulatory androgens testosterone and
androstenedione (hyperandrogenism),
ii)  oligo or annovulation and,
iii)  polycystic ovaries present on ultrasound.
After treatment for PCOS (ovulation medication, ovarian drilling or surgical
removal) these women are often sub-fertile and at increased risk of developing

further endometrial disorders such as endometrial hyperplasia and endometrial
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cancer.’! Altered endometrial steroid converting enzyme expression- a possible
cause was identified by Bacallao and co-workers who recorded changes in
expression of the steroid converting enzymes 17B-HSD1 and 17B-HSD2; (17B-HSD1
expression increased and expression of 17B-HSD2 was decreased in the endometria
of women with PCOS compared to normal females).>

2. Endometriosis. Endometriosis is defined as the presence of endometrial
tissue outside the uterus it affects from 2 to 22% of women, there is a huge variation
in symptoms and severity of the condition, from non-symptomatic to chronic pelvic
pain and infertility.”> Endometriosis is mostly found in women of reproductive age,
before puberty and after menopause the incidence of endometriosis decreases
suggesting a link between ovarian steroid hormones and progression of the disease.
Endometriosis lesion sites have been described as aromatase positive with reduced
17B-HSD2 expression,>* suggesting bio-accumulation of oestradiol, however most
studies are limited to RNA expression information for these enzymes only, without
complimentary steroid metabolism information. Aromatase inhibitors such as
anastrozole have been used to treat endometriosis with impressive results (patient’s
conditions improve within 9 months),” suggesting an important role for oestrogens
and aromatase in disease progression. There are four stages of endometriosis stage
one (minimal) is represented by a few endometriotic implants and can be
asymptomatic. In stage two (mild) there are more and deeper endometrial implants
possibly spreading to the ovaries, at stage three (moderate) the number of
endometrial implants has increased and they are deeper and can affect a number of
reproductive areas. At stage four (severe) deep endometrial implants are observed
throughout the pelvic area which can be coupled with chronic pain and infertility.>®
The metabolism of steroids and expression of specific steroid converting enzymes
may not be identical at each stage of endometriosis.

3. Endometrial hyperplasia. Endometrial hyperplasia is excessive non-invasive
proliferation (cell growth) in the endometrium.”” Endometrial hyperplasia is related
to hormonal in-balances in the endometrium (unopposed oestrogen) and the first
course of treatment is often a progestin to combat the unopposed oestrogen. There
are two types of hyperplasia the first is atypical which is recognised by changes
(enlargements) in endometrial glands, stomal cells and epithelial cells. Atypical
hyperplasia is divided into four groups based on the likelihood of progression to

endometrial cancer. Simple hyperplasia has a ~1% chance of progression to
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endometrial cancer, complex hyperplasia a ~3% chance, simple hyperplasia with
aptypia a ~8% chance and complex hyperplasia with atypia a ~29% chance’® if left
untreated. The second type of endometrial hyperplasia (non-atypical) does not
progress to endometrial cancer and is not dependent on oestrogens or progestins.

4. Secondary infertility. The patient has already carried at least one child to
term but cannot conceive again. There can be a number of causes of secondary
infertility in females such as changes in ovulation, formation of endometrial fibroids
or progression of tubal disease due to infections such as Chlamydia. Fetal bone
fragments from the previous child can also cause secondary infertility.® It is also
possible that some of these women are infertile due to altered steroid metabolism in
their endometrial, although to our knowledge no investigations have been conducted.

5. Unexplained infertility. The tests currently available to these couples do not
define the reason for their infertility (15% of population who take the tests).*° A
number of reasons can be hypothesised, such as the inability of the ovum to implant
in the endometrium itself, even after in-vitro fertilisation successful pregnancy does
not always occur. Unexplained infertility in some patients could be due to altered

endometrial steroid metabolism.

A wider investigation into steroid metabolism in the endometria of women with
benign endometrial conditions could further elucidate any altered steroid metabolism
following steroid treatments, highlighting possible therapeutic targets. Similarities
between benign endometrial conditions, if observed can also be highlighted by these

methods.

Fertile patients in this study have none of the endometrial disorders under
investigation. = They were in hospital due to hysterectomy for exploratory
investigations or sterilisation, and have a normal cycling endometrium. A ‘control’
fertile biopsy is difficult to obtain as the endometrium is a dynamic organ, also the
numbers of women entering hospital without any underlying endometrial condition
was low. All biopsies were obtained on the same day of the cycle to try and
minimise variation between biopsies, and biopsies were cultured for a number of
days where the media was changed sequentially this should remove any residual
steroids. Biopsies from patients with tubal disorders were also collected, tubal

disease can occur due to previous infections such as Chlamydia,61 or as a result of
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inflammation caused by past surgery.®’> In the endometria of these patients it is
expected that normal steroid bio-synthesis should occur if this is confirmed

experimentally they can be included in the fertile group.

All endometrial cell lines were epithelial cells, and the majority of biopsy samples
were stromal cells. In the endometrium there is evidence of stromal cells directly
affecting epithelial cells, causing alterations in epithelial cell function. For example
Pierro and colleagues used a co-culture technique and were able to demonstrate that
epithelial cell proliferation was induced through oestradiol action in the stromal
cells.”? It is the altered steroid metabolism in epithelial cells which leads to
progression and maintenance of epithelial endometrial cancers. This demonstrates
epithelial/stromal cell interactions are important in the normal endometrium and in
endometrial disorders such as hyperplasia and endometrial cancer. Determination of
altered steroid metabolism in epithelial and stromal cells separately should first be
completed, following this the co-culture of epithelial and stromal cells would further

elucidate the interactions between the two cell types in the endometrium.

1.7 Detection of steroids

For positive determination of steroid bio-pathways analytical techniques must first be
validated and optimised. This includes techniques to remove steroids from the cells
and cell media under investigation, and analysis methods to positively identify
specific steroids. RNA extraction procedures and quantitative real-time, reverse
transcription polymerase chain reaction (QRT-PCR) was required to ascertain

expression levels of specific steroid converting enzymes.

1.7.1 Steroid extraction techniques

As steroids are lipophillic compounds they should readily move from an aqueous to
an organic environment. This property allows for simple liquid-liquid extractions,
addition of an organic solvent to a cell pellet causes the cell membranes to rupture
and the steroids to be extracted into the organic phase (although some purification
may be required).®* With more complex matrices such as plasma or serum there may
be problems with phase separation causing more sophisticated methods of extraction
to be developed, such as solid phase extraction, where specific stationary phases

have been developed to retain steroids while interfering compounds are removed.

20



Chapter One: Steroid Metabolism in the Human Endometrium

Free steroids can be separated from the sulphated and glucuronide analogues using a
variety of techniques. Alousi and colleagues investigated different separation
methods to achieve this, they compared three separation methods- a Lipidex-5000
column, Sep-PakC18 cartridges and a Sephadex LH-20 column.** They found that
for optimum recovery a methanol/water elution system is needed, and four to six

Sep-Pak cartridges were ideal for removal of non-steroidal contaminants.

After effective, efficient extraction of steroids positive identification was required.
To achieve this a sensitive, reproducible, accurate technique was essential. Steroid
metabolism has been studied in endometrial cells, by a number of methods such as
electrochemical detection,® radioimmunoassay (RIA)67 and fluorescence detection.®®
RIA is widely used for identification of steroids, and is applied to detect low
concentrations of steroids (below parts per million levels) and is a relatively cheap

and simple technique.”

RIA’s are specific and sensitive, however a single assay is
required for each steroid under investigation, and therefore calculation of steroid
profiles by this method is time intensive. Cross-reactivity of steroids which are
structurally similar such as DHT and testosterone can be problematic in these assays
leading to false positives.”’ Another widely used technique for the identification of
steroids is mass spectrometry, which is employed for the rapid, specific, sensitive
detection of steroids.”' Mass spectrometers can be linked to chromatographic
separation techniques (such as liquid or gas chromatography) to determine a steroid
profile in a single experiment. Mass spectrometers identify steroids by their
molecular weight or molecular structure (after fragmentation). Quantitation of a
steroid(s) within a sample can be achieved by calibration against appropriate
standards,’? for these reasons mass spectrometry was the chosen analytical method in

these investigations.

There were two major techniques which can be linked to mass spectrometers to
separate a steroid mixture into specific steroid fractions, these were liquid
chromatography and gas chromatography. Mass Spectrometry in combination with
either of these chromatographic separation procedures can be used to establish a
qualitative and quantitative profile of steroids within a sample. Positive

identification of a compound was achieved through the four parameters described
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below, in combination these four parameters permit confident assignment of steroids
present in a sample.

1. Matching retention time. A direct comparison between the retention times
of a steroid standard to the same steroid present within a sample. To give
unambiguous results using this method requires high resolution over a wide range of
standards, (no co-elution of steroids of the same mass)

2. Identical molecular weight. The molecular weight is usually measured to
its nominal mass and sometimes depending on the mass spectrometer to its accurate
mass. Accurate mass permits determination of the elemental composition of the
compound. The molecular species seen in the spectra depends on the technique, for
example, the [M+H]" species is present in CI (chemical ionisation) and ESI
(electrospray ionisation) and the [M*'] in EI (electron ionisation). This alone may
not be sufficient for positive steroid identification due to many steroids producing the
same molecular protonated species, for example, DHEA and testosterone.

3. Identical unique fragmentation patterns by MS/MS. Fragmentation
patterns were obtained using the ion trap, which assisted in determination of
molecular structure. This can be somewhat limited in steroid analysis due to similar
fragmentation patterns from the same steroidal groups after the molecular ion,
however unique ions for some steroids may be observed aiding structure elucidation.

4. Library searches. Databases were utilised to compare mass spectra
obtained experimentally to mass spectra (and fragmentation patterns) of steroid

standards.

1.7.2 Chromatography

There are two chromatography systems investigated in these experiments to
determine the optimum separation of steroids, these are liquid chromatography and
gas chromatography, which separated steroids via different methods as described

below;

1. Liquid chromatography (LC) permits separation of a mixture of liquid
analytes into separate analyte fractions. This is achieved with the use of a
column packed with a stationary phase which retains the analytes. Typical
stationary phases which act to retain steroids are C;s and phenyl-hexyl, which

in combination can separate mixtures of corticosteroids, androgens and
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progestins.”” Steroids are retained on the column stationary phase at differing
degrees based on their polarity, increasing the polarity of the mobile phase
elutes the steroids sequentially. Typical mobile phases used in steroid
analysis via LC/MS have one aqueous and one organic mobile phase such as
water/methanol’* or water/acetonitrile.” The development of high-pressure
liquid chromatography (HPLC) in the late 1960’s has overcome problems
associated with mobile phase flow rates which led to poor efficiency, and
now liquid chromatography is comparable to gas chromatography in

performance.”®

2. Gas chromatography (GC) permits separation of liquid analytes which are
vaporised in the GC injector. These (now gaseous) steroids travel through the
heated column and arrive at the mass spectrometer at different times due to
differences in interactions with the column. GC has been widely used in
steroid chemistry, usually after chemical derivatisation of the steroids to
increase the volatility and stability of the steroid which produces optimum
sensitivity and chromatographic resolution. Typical derivatisation procedures
involve addition of a trimethyl-silyl group which adds to any hydroxy group
present on the steroid skeleton.”” Steroid specific gas chromatography
columns have been produced that retain the steroids at high temperatures,
producing excellent chromatographic resolution, examples are the widely
used (5%-phenyl)-methylpolysiloxane columns such as the DB5™® and the

more specialised dimethylpolysiloxane stationary phase columns.”

1.7.3 Mass Spectrometry

After chromatographic separation the steroids sequentially enter the ionisation source
of the mass spectrometer. The general operating principles of mass spectrometry are
similar, the four step procedure is outlined below;

1. Ionisation. The ionisation source vaporises (if needed) and ionises the
sample to produce gaseous ions. There are many types of ionisation source
including, electron ionisation (EI), chemical ionisation (CI), electrospray ionisation
(ESI), and atmospheric pressure chemical ionisation (APCI).

2. Fragmentation. Where there is excess internal energy (i.e. more energy

than is required to ionise the molecule), the energy can be transferred into vibrational
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energy levels of the molecule, this can cause molecular bonds to break and so
fragmentation occurs. Controlled fragmentation, for example, collision induced
dissociation (CID) in an ion trap allows structural information about a given
molecule to be obtained.

3. Separation. A mass analyser separates ions accurately according to the m/z
ratios of the ions, mass separation is achieved using magnetic or an electrical field or
a combination of both.

4. Detection. Ions are detected by a variety of detection devices, the choice
being dependent on the instrument design, a signal proportional to the ion signal (or
count) is passed to a data system which processes this raw data into mass spectra and

ion chromatograms.

1.7.4 Ionisation methods in mass spectrometry

Electron Ionisation (EI)

High energy electrons are created from a tungsten or rhenium filament, these high
energy electrons (70eV) are ‘fired’ at the sample which causes a molecular ion [M*"]
(a radical cation) to form. EI spectra characteristically show considerable
fragmentation due to excess internal energy, and the molecular ion signal can be
small or absent. The excessive fragmentation of steroids in EI mode is regarded as
an impediment in using EI mass spectra for structural elucidation, therefore this
ionisation method is generally not used in steroids analysis. EI has however been
applied to distinguish between isomers of the same steroid based on the differences
in their energy levels, for example Mék and co-workers distinguished between the
two isomers 11a and 11B- estran.®® EI was the ionisation source employed in all

GC/MS applications in these experiments.

Chemical Ionisation (CI)

This technique is much softer than EI producing ions representative of the molecule
i.e. [M+H]" or [M+ adduct ion]". The CI source is identical to that of EI (electrons
from a filament), however a reagent gas such as ammonia or methane is added at
higher pressure than the sample gas into the ionisation chamber. The source volume
is usually more gas tight for CI operation (than EI) with the use of small entrance
holes. Electrons ionise the reagent gas forming an excess of reagent gas ions- if

ammonia is the reagent gas the following reaction occur in the source;
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NH; + e —NH3"™

NH;"" + NH; —»NH," + NH,’

NH;" +M — NH; + [M+H]" + [M+ adduct ion]
Positively charged reagent ions NH;" react with sample molecules (M) and the
analyte becomes protonated. The reagent psuedo-molecular ion is identified as the
adduct, or quasi-molecular ion, the structure of which is dependent on the reagent gas
and the sample present.®’ CI steroid analysis has been conducted using a number of
different reagent gasses such as methane, isobutane, and ammonia, producing spectra
that provide information concerning molecular weight®> which may not be possible
with EL

Electrospray Ionisation (ESI)

ESI permits direct coupling of a liquid chromatography system to a mass
spectrometer. [M+H]" ions are generally produced in ESI spectra, although sodium
adducts are commonly seen, and if a reagent such as ammonium acetate is added,
[M+NH,4]" ions. A fine capillary with a drawn needle tip (~10pm tip diameter)
sprays the liquid which becomes a gaseous ionised species before entering the mass
spectrometer. The needle tip is metallised and has a high voltage applied typically 1-
3 kV. The high electric field strength causes the liquid to form a Taylor cone, which
extends to a tip (or filament) from which a spray of ionised droplets is emitted.*> The
droplets then move towards the mass spectrometer due to potential (and pressure)
gradients. A gas counter current is applied to the tip which desolvates the droplets, a
typical desolvation gas used is dry nitrogen. ESI has been developed to include
micro and nano-spray techniques. ESI was the source employed in all liquid
chromatography mass spectrometry (LC/MS) experiments in these investigations

using the LCQ DECA mass spectrometer.
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Fig 1.10: Illustration of the electrospray ionization process at the capillary tip. LC =
liquid chromatography MS= mass spectrometry.

There are two main theories about the mechanism by which the analyte becomes
ionised. In both theories a solvated ion is ejected from the electrospray needle tip

and the ions are eventually focused and sampled by the mass spectrometer.

The Ion Evaporation Theory. As the droplet moves through the system it loses
solvent and charge until only a single ion remains surrounded by a solvent shell.
Nitrogen gas acts to remove the remaining solvent leaving a protonated analyte
molecule. This model is relevant if the molecule under investigation is relatively

small (up to a 1000Da), this theory is the probable ionisation mode for steroids.®*

The Charge-Residue Theory. The droplets loses solvent until they reach the
Rayleigh limit, where Coloumbic (repulsive) forces between the ions are greater than
surface tension forces, which causes the droplet to explode into smaller droplets,
these explosions continue until there is little or no solvent remaining. Then nitrogen
acts to remove any remaining solvent until only the ionised analyte remains.®® This

theory is accepted to be accurate for larger molecules such as globular proteins.
ESI is an ideal technique for steroid analysis due to the likelihood of the molecular

ion being formed. ESI has been widely applied in the detection of steroids and can

be switched from positive mode for detection of androgens to negative mode for
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oestrogen detection, producing a full androgen and oestrogen profile on one

instrument.8

1.7.5 Mass Analysers in mass spectrometry

Magnetic Sector

A magnetic separator mass analyser separates ions due to their mass to charge (m/z)
ratio using a magnetic field. The ions are deflected in a circular path with the
magnetic field strength, B. The deflection of an ion depends on mass (m), charge (z)
and magnetic field strength (B). It can be expressed in the equation below, where R

is the radius ofthe arc of deflection and V is the accelerating voltage,

m _ B2R
-~ 2V

(equ 1.0)

DETECTION

Faraday
ootactor*

Fig 1.11: Diagram of magnetic separator, courtesy of the US Geological Survey.§7

Ions with a heavier mass are deflected less than ions of lighter mass (assuming
identical charges). An electric field is also involved in this instrument to compensate
and correct for energy spread, the electric field is applied orthogonally to the ion
path. The magnetic field can be varied resulting in detection of different mass-to-
charge (m/z) ions. This technique can be used for both accurate mass studies and full

scan studies.
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Quadrupole mass analysers

A quadrupole mass analyser uses oscillating electric fields to separate ions. It has
four parallel rods with each opposite pair being linked together. Voltages are applied
across the pairs of rods which have a direct current (dc) component, U, and a radio
frequency (rf) component, V. The voltages U and V are varied so the ratio of U:V is
constant focusing ions of different m/z ratio ions through the quadrupole. When only
the rf voltage, V, is applied the device transmits all masses and acts as a simple ion
transmission device. The quadrupole allows for continuous monitoring of ions and
so can be directly linked to a continuous source, such as gas or liquid

chromatography system.

Multiple quadrupoles can be aligned in an MS/MS configuration to obtain
fragmentation data. Three quadrupoles can be set up in series, the central of which
only operates in rf mode acting as a gas collision cell. The other two act to separate
ions due to m/z ratios they have rf and dc fields applied either scanning the full mass
range or set at a given m/z value. The rf only (central) quadrupole acts as a collision
cell with the introduction of an inert collision gas such as helium or nitrogen.
Fragment scans, product ion scans precursor and neutral loss scans can then be
completed to obtain more information about the sample under investigation. Triple
quadrupole mass spectrometers using precursor ion scans are used in steroid analysis
to identify chemically altered designer steroids used illegally in sport as steroids with
similar structures have similar dissociation patterns. *® Neutral loss scans have been
employed in the analysis of sulphated steroid metabolites in urine, the neutral loss of
the sulphate group was monitored to detect the steroids such as oestradiol sulphate

and dehydroepiandrosterone sulphate.®

The quadrupole ion trap

The ion trap is a folded quadrupole mass analyser that has a curved central electrode
(a ring), and two end cap electrodes above and below the ring (figure 1.12). Ions are
trapped within this system with the aid of a small pressure of helium to stabilise the
ions in the trap. Ions are then mass selectively expelled from the trap by variation of
the applied voltages, the technique is highly sensitive, with unit mass resolution. It
can be used in MS/MS and MS” mode producing detailed fragmentation patterns and

assisting in chemical structure elucidation. The ion trap is a robust interface with a
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wide dynamic range,% (104) it has been employed for steroid analysis in numerous
investigations,91,92 for this reason an ion trap was employed in these experiments for

steroid analysis.

Injected ions

Resonance
AC voltage

Aperture

RF voltage
Veoc(QI+D

Fig 1.12: Diagram of Quadrupole Ion Trap system, reproduced from University of
Heidelberg on-line resources.

There are other types of mass analyser such as time-of-flight, fourier transform ion
cyclotron resonance (FTICR) and orbitrap, as these were not used in these

investigations they are not described.

1.7.6 Detection of ions in mass spectrometry

Initially photographic plates were used to detect ions produced by the mass
spectrometer, ions of the same m/z ratio reach the plate at the same point. The
intensity of the spot or line (or its darkness) is associated to the abundance of that ion
in the sample (calculated by comparison to a standard). This technique is not very
sensitive and lacks dynamic range and is no longer applied in practice. Development
of a number of sensitive detectors has been achieved including the faraday cup,
electron (and photon) multipliers tubes and microchannel plates. These all detect and
amplify (by up to 108) the incoming ion flux and transfer them into electrical signals

which are passed to a data system.

1.8 Real-time reverse transcription polymerase chain reaction (RT-PCR) for the
detection of RNA relating to steroid converting enzyme expression

To calculate the amount of RNA related to specific steroid converting enzyme
expression a technique called QRT-PCR was employed. This procedure permits

calculation of differences (and similarities) in RNA relating to steroid converting
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enzyme expression between the endometrial pathologies as well as temporal changes

in steroid converting enzyme expression after steroid treatments.

1.9 Analysis methods

Mass spectrometry permits identification and quantification of multiple steroids and
was applied in these experiments in combination with chromatography (LC or GC)
to obtain and quantify steroid profiles and identify steroid metabolites. Real time
(reverse-transcription) polymerase chain reaction RT-PCR permits specific, sensitive
determination of expression of multiple enzymes involved in steroid biosynthesis. In
combination these two techniques produced a novel model of steroid metabolism in

the endometrium and allowed identification of possible therapeutic targets.

1.10 Project Aims
Production of a robust method for detection of a mixture of steroid standards,
through optimised and validated gas and liquid chromatography (GC and LC) and

mass spectrometry.

Development of cell culture for maximum growth to obtain enough cellular material
for time related steroid treatments, and to assess expression of RNA relating to

steroid converting enzymes.

Optimisation and validation of steroid extraction methods from cells and cell media.

Determination of testosterone metabolism pathways in cell lines, fertile biopsies and

biopsies from a number of benign endometrial pathologies.

Determination of basal and temporal changes (after testosterone treatment) of
enzyme expression in fertile biopsies, endometrial cancer cell lines and benign

endometrial pathologies.
The combination of mass spectrometry steroid metabolism profiles with enzyme

expression profiles to provide novel information concerning testosterone metabolism

in a number of endometrial pathologies.
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2.0 General laboratory chemicals

Table 2.1: Chemicals required for derivatisation, extraction and analysis of steroids.

Name Description Manufacturer
Triethylamine 99% Alfa Aesar, Heysham, UK.
Anhydrous sodium sulphate laboratory grade Fischer Scientific,
Loughborough, UK
Sulphuric acid Concentrated Phillic Harris, Novora Group
98.07% Ltd, Ashby de La Zouch, UK
Dansyl chloride >99% purity Fluka Sigma Aldrich,
(derivatisation grade) Poole, UK
BSFTA + TMCS 99:1 Supleco at Sigma Aldrich.
Bis(trimethylsilyl)trifluoroacetamide (derivatisation grade)
trimethylchlorosilane
Formic acid 90% purity BDH Ltd, Lutterworth, UK
Acetic acid glacial >99% purity Fischer Scientific
HPLC grade
Trifluoroacetic acid 99% spectrophotometric grade Sigma Aldrich, UK
Sodium carbonate >98% Sigma Aldrich, UK
Potassium hydroxide Pellets Sigma Aldrich, UK
2.1 Gases

Nitrogen (oxygen free nitrogen) was used as a desolvation/nebuliser gas in the

electrospray ionisation source.

Helium gas was used to de-gas the mobile phases prior to LC/MS analysis,

Helium was also used as the carrier gas in the GC system.

All gases were obtained from BOC (Guildford, UK).
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2.2 Solvents

Table 2.2: Table of solvents employed

Name Description Manufacturer
Thermo Fisher Scientific,
Methanol HPLC grade Loughborough, UK
Ethanol Laboratory grade Fisher Scientific.
Hexane Laboratory grade Fisher Scientific.
Ethyl acetate Laboratory grade Fisher Scientific.
2-Butanol Laboratory grade BDH Ltd, Poole, UK

De-ionised water

Milli-Q water

Milli-Q purification system
(Millipore, USA)

Acetonitrile Laboratory grade Fischer Scientific.
Dichloromethane (DCM) Laboratory grade Fisher Scientific.
Isooctane 99% purity Sigma Aldrich.
Methyl tert-butyl ether (MTBE) >99% purity Sigma Aldrich.
Acetone Laboratory grade Fischer Scientific.
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Name IUPAC Description Manufacturer
name
Cholesterol 3B-hydroxycholest-5-ene 99% purity Sigma Aldrich.
(3B-cholest-5-en-3-ol)
Androgens
Testosterone 17B-hydroxyandrost-4-en- >98% purity, Sigma Aldrich.
3-one
17-Methyl testosterone 17p-hydroxy-17-methyl- analytical Sigma Aldrich.
androst-4-en-3-one standard
Dehydroepiandrosterone | 3p-hydroxyandrost-5-en- 98% purity Sigma Aldrich.
(DHEA) 17-one
Dehydroepiandrosterone 17p(sulfooxy)androst-5- >99% purity Sigma Aldrich.
3-sulphate sodium salt en-17-one
dehydrate DHEA-S
Dihydrotestosterone 17B-hydroxy-5a- Sigma Aldrich.
4-androstenel 7B-o0l-3- androstan-3-one
one (DHT)
Androsterone 3a-hydroxy-5a-androstan- >99% purity Sigma Aldrich.
17-one
Sa-androstane3f-17a- Sa-androst-38, Steraloids Inc (Newport,
diol 17a-diol Rhode Island, USA),
4-Androstene-3,17-dione | Androst-4-en-3, 17-dione 98% purity Sigma Aldrich.
(Androstenedione)
Oestrogens
Oestradiol (E2) Estra-1,3,5(10)-trien- analytical Sigma Aldrich.
3,17p-diol standard
Oestrone (E1) 3-hydroxyestra-1,3,5(10)- 99% purity Sigma Aldrich.
trien-17-one
Oestriol Estra-1,3,5(10)-trien- 99% purity Sigma Aldrich.
3,16a,17p-triol
Progestins
Progesterone (4- Pregn-4-en-3,20-dione
Pregnene-3,20-dione) 99% purity Sigma Aldrich.
PregnenoloneS-pregnen- | 3B-hydroxypreg-5-en-20-
3B-01-20-one one 98% purity, Sigma Aldrich.
(Pregnenlone)
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2.4 Cell culture

Established cell lines (see table 2.5)

Sterile cell culture flaks, slides, dishes and pipettes. Cell star tissue culture

flasks Greiner Bio One, Frichenhausen, Germany.

Table 2.4: Cell culture chemicals

Name

Description

Dulbecco’s Modified Eagle Medium

Media used for all cell lines unless stated

(DMEM)
Basal Medium Eagle (BME) Media for HEC-1B cell line
Foetal Calf Serum (FCS) Normal and charcoal stripped to remove inferring
substances.
L- Glutamine 200nM (100X solution)

Antimycotic antibiotic

10,000 units/mL penicillin G sodium, 10,000 pg/mL
streptomycin sulphate 25ug/mL amphotericin B and

funizone in 0.85% saline

Sodium Pyruvate

100nM

Sodium Bicarbonate

7.5% solution

Glucose

Sigma Aldrich, UK

Penicillin/streptomycin

10,000 units/mL penicillin G sodium and 10,000pg/mL

streptomycin sulphate in 0.85% saline.

L-asparagine monohydrate >99% Sigma Aldrich, UK
Non-essential amino acids 100X solution
Insulin
HEPES

(4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid )

Standard cell culture material

Hank’s Balanced
Salt Solution (HBSS +CaCl, +MgCl,)

1X solution

HBSS 1X solution
(-CaClz -MgClz)
Trypsin-EDTA 0.25% solution

(ethylenediaminetetraacetic acid)

Dimethylsulphoxide (DMSO)

For freezing media

All cell culture chemicals were purchased from Invitrogen cell Culture Company

/GIBCO Paisley, UK. All chemicals are specific for use in cell culture.
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Table 2.5: Growth conditions and descriptions ol five human cell lines.
Name of cell Description Receptor Status Origin Media constituents

line

DMEM, 10% FCS, 1.0mM

Ishikawa Human PR + Imperial College sodium pyruvate, 1.5g/L sodiun
endometrial cancer AR + London, UK, bicarbonate, S5Sml antimycotic
ER + antibiotic, 2mM glutamine.

BME (Eagles media), 1.5g/L

HEC-1B Human PR - Imperial College sodium bicarbonate,0.1mM not
endometrial AR + London, UK essential amino acids, 1.O0mM
adenocarcinoma ER - sodium pyruvate, 10% FCS, 5n

antimycotic antibiotic, 2mM L
glutamine.
DMEM, 10% FCS, 1.OmM i

sodium pyruvate, 1.5g/L sodiui

HEC-1A Human Imperial College bicarbonate, 5Sml antimycotic
endometrial PR + London, UK antibiotic, 2mM glutamine.

adenocarcinoma AR + OR
ER + DMEM-F12, 10% FCS, 5ml

sodium pyruvate, 5Sml
antimycotic antibiotic, 1.5mM
glutamine.

DMEM hans F12, 10% FCS,

RL952 Human uterine PR (very low) Imperial College SmL HEPES, 1.5g/L sodium
epithelial AR + London, UK bicarbonate (100X), 250p1 '
ER - insulin.

DMEM media 10% FCS,

COV434 Human PR (not known) Imperial College, 50pg/mL penicillin/streptomyci
immortalised AR (not known) London, UK 3mmol/L glutamine, Immol/L ]
granulosa ER + asparagine.

2.4.1 Biopsy samples

Biopsy samples were obtained from the endometria of patients with;
- normal fertility,
- tubal disorders,
- endometriosis,

PCOS (polycystic ovary syndrome),

- unexplained infertility,

- endometrial hyperplasia,
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-ovarian cyst,

-endometrial polyp.
All biopsies were cultured in DMEM-F12, 10% FCS, 5ml sodium pyruvate, Sml
antimycotic antibiotic, 1.5mM glutamine. Biopsy samples were provided by
Singleton Hospital Obstetrics and Gynaecology department by Dr L Joels and her

surgical team (ethical approval has been obtained).

2.5 Real time Reverse Transcription-Polymerase Chain Reaction materials (RT-
PCR)

RNAeasy (Qiagen, Crawley, UK) RNA extraction kit,

RNA-cDNA Ambion reteroscript kit (Ambion, Warrington, UK),

RT-PCR (AB gene, Epsom, UK) RT-PCR SYBR green protocol kit.
Sense and antisense primers for the detection of a number of steroid converting
enzymes were all purchased from Sigma Genosys, (Cambridge, UK). Primers were
selected for their efficiency, cross binding between primers was low, calculated using
Beacon primer design software. The primer sequences and other primer information

are outlined in table 2.6.
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Table 2.6: Primer sequences for a number of steroid conversion enzymes.

Gene Melt Annealing
/Steroid temperature temperature Calculated Calculated Anti-sense
converting Tm (°C) Ta (°C) Sense sequence sequence
enzyme
name
GADPH 90.0 55 5’-GTCCACTGGCG 5’-CTTCAGGCTGTTGTC
TCTTCAC ATACTTC
Aromatase 87.0 53 5’-TGCACAGGTTG 5’-TCAAGAAGAGCGT
GAGGAGGTG GTTAGAGGTG
WT1 89.0 55 5’-CTATTCGCAA 5’-CATGCTTGAATGA
TCAGGGTTACAG GTGGTTGG
17p-HSD1 89.0 54.7 5’-TTCCACCGCTT 5’-CCTCCGCCACCT
CTACCAATACC CCTCAG
17B-HSD2 89.2 54.6 5’-TCGTTAGCCAG 5’-TGAGCAAGGCAGA
CAAGACTTC TCCACAAG
17p-HSD4 86.5 52.8 5°-GGATCACGG 5’-AGCCACCATTCT
ATGACTCAGACAG CCTCACAAC
17B-HSDS 82.6 49.1 5’-TCCGCCATA 5’-TCTCTTCACACT
TAGATTCTGCTC GCCATCTG
17B-HSD7 86.0 52.7 5’-AGGAACATGAG 5’-GACAATGGTGAC
CAAGGCAGAAG CTCAGCAGTG
17B-HSD8 88.4 542 5’-GATCCGCTGT 5’-CGACCACATCTG
AACTCTGTCCTC CCACATCC
5AR1 84.8 51.4 5’-TCTGATGCGA 5’-ATACACTGCACAA
GGAGGAAAGC TGGCTCAAG
5AR2 89.6 55.1 5’-CACTTTGGTCG 5’-AGGCTCTCCGTGTG
CCCTTGGG CTTCC

For optimal performance the region spanned by the primers was between 75 and 150

base pairs in length as SYBR was used in the PCR reaction.

2.6 Steroid extractions

Solid Phase Extraction (SPE) 100mg C,3 cartridges. Varian, Yarnton, UK.
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2.7 Chromatography columns

Table 2.7: Type of columns used in liquid and gas chromatography experiments.

Name Description Manufacturer

Liquid Chromatography

C,scolumn 15cm x 300puM internal Dionex, Camberley, UK.
diameter

C,s column 25cm x 300uM internal Dionex.
diameter

C;s column Prepared and packed in lab

15cm
Luna phenyl-hexyl 15cm x 1000mm Phenomenex,
Macclesfield, UK
Hypersil BDS Phenyl 15cm x 1000mm Hypersil

(Thermo scientific)

Gas Chromatography

HP-1 Dimethylpolysiloxane Agilent (previously Hewlet
Packard), Stockport, UK.
Supelco SLB-5ms Silphenylene polymer filled Supleco, Dorset, UK.
column

2.8 Instrumentation
2.8.1 HPLC linked to the mass spectrometer
Dionex/LC Packings HPLC (Packing’s Ultimate HPLC pump and Famos injection

system). Auto sampler unit and Ultimate gradient pumping system.

Quadrupole ion trap mass spectrometer (linked to LC) LCQ DECA XP plus (ion trap

mass spectrometer) Thermo Finnigan Ltd, Hemel Hempstead, UK.

2.8.2 Typical conditions for full scan mass spectrometry (LCQ DECA)

The HPLC was linked to the mass spectrometer and run in capillary mode at a flow
rate of 4puL/minute using the CAP300 calibrator cartridge for androgen and progestin
analysis. The LC system was also run at a flow rate of 40pL/minute using the
MIC1000 calibrator cartridge for analysis of dansyl chloride (DC) oestrogen

derivatives. The LCQ was used in these experiments with an ESI source in positive
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mode. The gradient systems pump parameters and injection programmes (i.e. loop

size, additives, solvents) were optimised as described in chapter four.

2.8.3 GC/MS linked to the mass spectrometer
There are two GC/MS systems analysed in these experiments the Fisons GC MD800
and an Agilent GC MSD.

2.8.4 Typical conditions for full scan mass spectrometry (GC/MS MD800)

The GC/MS was run in with an EI source in positive mode. The GC oven can be
operated to give a gradient system that ranges in temperature of over 400°C. Oven
and injector temperature and column type were analysed and optimised for steroid

separation as outlined in chapters three and four.

2.8.5 Typical conditions for full scan mass spectrometry GC MSD

The GC MSD has two ionisation sources available CI and EI. The EI source was
employed for all steroid investigations in these experiments. The GC MSD has 2
injection ports which offer seven injection procedures, these are hot and cold split
and splitless, solvent vent, solvent vent-stop flow and on column injections. The GC
oven again had a range of 400°C. Again this technique was optimised for steroid

analysis as described in chapter four.
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2.8.6 Laboratory equipment

Table 2.8: Laboratory equipment

Laboratory equipment
RT-PCR machine 1

Version

Supplier

RT-PCR machine 2

Icycler with iQ,

(version 3.1)

Bio-rad laboratories Inc,

California, USA

Mycycler with iQ5

(version 2.0)

Bio-rad laboratories Inc.

PCR machine Used for reverse transcription Bio-rad laboratories Inc.
processes
Nano-drop ND100 Spectrophotometer Labtech International Ltd,
Lewes, UK
Vortex Vortex Genie 2 mixer

Scientific Industries Bohemia,

NY, USA

Cell incubator

Auto flow CO, jacketed cell

NU-AIRE Caerphilly, UK

incubator
Centrifugel RT-PCR Heraeus Labofuge 400 Kendro, Hanau, Germany
Centrifuge 2 cell culture Sanyo MSE Centaur 2

MSE, London, UK

Cell culture air filter sterile

Mars Scanlaf cell culture hoods

Scanlaf Lynge, Denmark

fume hoods
PCR fume hoods Labconco Purifier PCR Labconco, Kansas, USA
enclosure
Water bath 20-90°C Grant Instruments Ltd,
Cambridge, UK.
Freezers Excel -16 to -32°C (frost free) Bosch, UK
Air displacement pipettes

1000, 100, and 10pL

HTL LabMate W arsaw, Poland
Eppendorf pipettes and tips 1000, 100 and 10pL Eppendorf UK Ltd,
Cambridge, UK
Glass scintillation vials 20mL

ThermoFisher Scientific

Waltham, MA, USA
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2.9 Software
Beacon primer design software (version 3.0)
Bioworks RT-PCR data browsers, ‘
-iCycler iQ optical system software (version 3.1)
-iQS5 optical system software (version 2.0)
Chromeleon (LC)
Xcalibur (version1.3) (LC/MS)
Mass Lynx (version 4.0) (GC/MS) MD800 and mass lab software
Microsoft office suite 2003 and 2007.
Chem Station Agilent Productivity (Revision E.01.00, 2007) Agilent 5975C.
Minitab 15 statistics software (2007).
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3.0 Introduction

This chapter describes the experimental methods required for optimum cell growth
through cell culture in order to obtain sufficient RNA for reverse transcription and
real-time polymerase chain reaction (RT-PCR). Also described are the methods
required for detection of steroid standards by gas and liquid chromatography mass
spectrometry which were optimised in chapter four and applied to biological

samples.

Extractions of steroids from simple and complex liquids and cells are described in
this chapter using a number of extraction techniques to determine the most efficient

method in terms of the range and concentration of steroids that can be extracted.

3.1 Cell culture methods and reverse transcription (real-time) polymerase chain
reaction (RT-PCR) methodologies

Cells were grown and maintained until there was sufficient cellular material available
for steroid treatments, extractions and RT-PCR. Cell culture was conducted in a
controlled environment that was representative of the human body, at body
temperature 37°C, and with the correct amount of carbon dioxide and oxygen gasses

as well as the appropriate nutrients provided for growth.

Growing of established cell lines has been extensively optimised to achieve
maximum cellular growth through changes in media conditions. Established cell
lines were used in these experiments due to their immortality and robustness,' and
because they are excellent models of cancerous tissue. The Ishikawa cell line for

example is a model for type 1 human endometrial cancer.”

3.2 Cell culture methodologies; growth and maintenance of cell lines through

cell culture methodologies
Both analysis methods (mass spectrometry and real time PCR) require the same

initial cell culture steps.

A variety of established cell lines and endometrial biopsies were cultured. The cell
lines were chosen as they are less variable than clinical samples, the endometrial

cancer cell lines Ishikawa, HEC-1B, HEC-1A and RL95-2 were investigated to
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provide understanding of the metabolic processes occurring in the endometrium and
as model systems to optimise steroid treatments and extraction methods. The cell
line COV434 was chosen as it highly expresses the steroid converting enzyme

aromatase, and acts as a positive control in respect to the primers used in RT-PCR.

3.2.1 General cell culture methodologies

The cells were stored under liquid nitrogen until required, after which they were
warmed in a 37 C water bath. Each cell line may require different media constituents
for optimum growth these are outlined in chapter 2.4. All cell culture media and
media additives such as sodium pyruvate, foetal calf serum (FCS), and trypsin EDTA
(chapter 2.4) were warmed to 37°C before addition to the cells. The cells were
centrifuged to form a pellet and the freezing media removed. The cells then added to
a 10cm’ sterile plastic cell culture vessel with 10mL of media (plus nutrients) and
placed in a 37°C incubator, half the media was changed the following day and
thereafter periodically until the cells were 80% confluent. Following this the cells
can be subjected to a number of experimental conditions or split into other vessels to

produce more cells.

After steroid(s) treatment the cell media was removed (for analysis) and the cells
were washed with Sml of the salt solution HBSS (-CaCl, -MgCl,)" to remove any
remaining media. The cells were treated with 2mL of trypsin EDTA, causing them
to detach from the culture dishes (assuming 10cm’ cell culture flasks, volumes
increase with larger culture vessels). Media was then added to the flasks to
neutralise the trypsin and the cells were removed into a centrifuge tube which was
spun at 1500 rpm for 5 minutes to form a pellet. The pellet was either re-suspended
into more culture vessels or manipulated via steroid or RNA extractions. RNA was
extracted using the QIAGEN RNeasy mini kit according to the manufacturer’s
instructions. Steroids can be extracted from cells and cell media via a number of
methods (optimised in chapter 4), the extracted steroids from the cells or cell media
were subjected to analysis by LC/MS, LC/MS/MS or GC/MS.

3.3 Procedures relating to culturing of endometrial biopsies
Biopsies were obtained from Singleton Hospital (Swansea NHS Trust) and the blood

removed. The tissue was washed a number of times with HBSS and finely minced
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using two scalpels, after which 200pL of collagenase and 200uL of DNase type 1
was added. The cells were then placed in the incubator for one hour and were re-
suspended every 15 minutes. They were then centrifuged at 400xg for 4 minutes,
following this the pellet was re-suspended in media and incubated at 37°C, 24 hours
later the stromal cells (attached to dish) and epithelial cells (in suspension) were
separated by decanting the media into another cell culture vessel. The epithelial cells
were placed in separate cell culture vessels where over time they become attached.
The media was again changed periodically as with established cell lines. Stromal
cells can be grown and split into larger vessels through the same methods as
established cell lines outlined in chapter 3.2. Manipulations or steroid treatments of

the biopsies can then proceed followed by RNA and steroid extractions.

3.4 RT-PCR methodologies: RNA extraction, reverse transcription and real-
time PCR

RT-PCR was employed to establish expression levels of specific enzymes relating to
steroid metabolism these were the steroid converting enzymes; aromatase, SARI,
5AR2, 17B-HSD1, 178-HSD2, 178-HSD4, 17p-HSD5, 17B-HSD7 and 17B-HSDS.
Expression of GADPH (glyceraldehyde-3-phosphate-dehydrogenase) was also
recorded in each experiment, and steroid converting enzyme expression was
calculated relative to GADPH expression which corrected for any experimental
errors. This produced steroid converting enzyme expression values normalised to

GADPH for each steroid converting enzyme.

The biopsies or cell lines were grown until confluent and then removed by trypsin-
EDTA as a pellet. From these pellets RNA was extracted using the Quigen
RNAeasy kit (Qiagen, Crawley, UK following the manufacturer’s instructions) and
the RNA concentration measured using the Nanodrop ND100 Spectrophotometer.
The RNA was diluted into a 10pL solution of 100ng/pL and converted to cDNA
using the RETROscript reverse transcription for RT-PCR kit, according to the
manufacturer’s instructions. The cDNA was then diluted to produce a calibration
series of concentrations 20ng/puL, 10ng/pL, Ing/uL, 0.Ing/uL and 0.0lng/pL
(assuming full conversion). A unique genetic sequence for each enzyme was
determined and primers were designed which only bind to these specific sequences

(described in chapter 3.4.1). 10puL SYBR green supermix, 2.5pL sense and 2.5pL
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anti-sense primers (for each enzyme) and SpL of each ¢cDNA dilution was pipetted
into wells on a 96 well real time PCR plate and subjected to QRT-PCR. The
fluorescent marker (SYBR green) fluoresces when bound to double strand DNA.
The icycler RT-PCR instrument then undergoes a number of cyclic temperature
fluctuations which causes double strand DNA (dsDNA) to be produced and
denatured until enough dsDNA was present to produce a detectable signal. Through
a number of calculations it was then possible to calculate the relative amounts of
cDNA present which is related to the concentrations of RNA for specific steroid

converting enzymes in the original cells.

Relative expression levels of each steroid converting enzyme in each cell line (and
biopsy pathology) were determined. To complete this 100ng/pL of RNA from each
of the five cell lines (under basal conditions) was converted to cDNA, combined
together and diluted to produce a standard curve. Onto this curve expression of each
enzyme under basal conditions was applied, which allowed comparison between

different cell lines with significantly different gene expression.

3.4.1 Primer design for specific gene expression detection in cells and biopsies

Primers were designed to bind to specific genetic base sequences of DNA unique to
the steroid converting enzyme of interest. The genomic sequence of the gene was
calculated from a number of sources including the National Centre for Biotechnology

and Information (NCBI, http://www.ncbi.nlm.nih.gov/ database). Sense (forward)

and anti-sense (reverse) primers were designed to bind directly to a unique amino-
acid sequence of the steroid converting enzyme of interest. These primers were
designed using Beacon primer design programme (version 3.0), which calculates
primer efficiency and produces efficient primers. Beacon software can be
programmed to produce primers that have amplicon lengths of between 75 and 120
base pairs, which produce efficient primer interactions and amplification of the RNA

of interest. Primer efficiency was defined by the software as being >85%.

3.5 Mass Spectrometry: Methodology for identification, and detection of a
variety of steroid standards using LC/MS, LC/MS/MS and GC/MS
A number of steroid standards were initially analysed by direct infusion into the mass

spectrometer in positive mode using an ESI source for LC/MS and LC/MS/MS and
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an EI source for GC/MS. This was completed to obtain individual mass spectra and
fragmentation patterns (where available) for each steroid. A variety of androgens,
oestrogens and progestins were chosen for initial analysis, as they were
representative of steroids which could be synthesised in the female body (chapter 1,

figure 1.1).
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Table 3.1: Structure, molecular weight and nomenclature of nine steroids standards
which were studied and considered to be relevant in this study of endometrial tissues.

Name Molecular weight Molecular formula Structure
Me OH
Testosterone 288 C1oH250, i
Lo}
Me OH
Dihydrotestosterone 290 C1 H300, Y
(DHT)
o
Me [o]
4-Androstene-3,17-dione 286 CioH260, J/ii(/;té
(o]
Me 2
Dehydroepiandrosterone 288 CioH250, Me
(DHEA)
HO'
Me 2
Androsterone 290 C,0H3,0, Me
HO’
0
Me
Pregnen-3-ol- 316 C21H3,0, "
20-one
HO'
[+}
v o
Progesterone 314 C5;H300, "
o
Me OH
Qestradiol 272 C18H2402
(E2)
HO'
o
QOestrone 270 C,sH2,0,
(E1)

%




Chapter Three: Experimental Methods

3.6 General set-up of LCQ DECA mass spectrometer

There have been many different liquid chromatography methods developed (column
types, solvents) for the detection of steroids from a number of matricies, such as
blood, urine, hair,’ tissues, and cells.* The main solvent gradient systems utilised
were acetonitrile/water”® and methanol/water,”® chosen because of the solubility of
steroids in organic solvents. The main liquid chromatography columns used for
androgen and progestin analysis are C;3 reversed phase columns,” however there are
many other columns used for LC/MS analysis of steroids such as the Sp-ultrasphere

11 A number of C1s columns were used in these

ODS" and the spherisorb column.
experiments; two Dionex columns, a 25cm x 5p x 100A and a 15cm x 3p x 100 A

also a number of columns were packed under high pressure in the laboratory using a

Cis slurry.

The steroid standards were initially analysed individually by direct infusion into the
mass spectrometer to obtain mass spectra and fragmentation (MS/MS) data. The
steroids were dissolved in methanol at concentrations of approx 3uM and infused
directly into the LCQ DECA mass spectrometer, in positive mode using an
electrospray ionisation source. The major ions such as the [M+H]" and [M-H,O+H]"
were then fragmented using collision energies of between 30 and 45eV to obtain
MS/MS data allowing any unique fragments of each steroid standard to be identified.
The standard operating parameters for the LCQ DECA are described in table 3.2
(below).
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Table 3.2: Standard operating parameters for LCQ DECA full scan analysis of
steroid standards, using an ESI source in positive mode.

Parameter Value
General
Run time 30-120 minutes
Scan events 1.0
Scan event details Full MS Scan (m/z 50-500)
Mobile phases Methanol
Water
(each 0.1% acidic additive)
ESI source
Spray voltage 3.51kV
Spray current (typ.) 0.58uA
Sheath gas flow rate 29.3
Capillary voltage 152V
Capillary temperature 200 °C
Vacuum
Ton gauge g 2.5 x10° Torr
Ion 6ptics
Multipole 1 offset -593V
Lens voltage -1596 V
Multipole 2 offset -9.59V
Multipole Rf Amp 400 Vp-p, sp
Entrance lens voltage -58.7V
Coarse Trap DC Offset -10.10 V
Main RF
Main Rf detected -0.01V
RF Detector temperature 38.87°C
Main RF modulation 0.03V
Main RF Amplifier 8.26 Vp-p
RF generator temperature 34.1°C
Ton detection system
Dynode voltage -14.94 kv
Multiplier voltage -1125V
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3.7 Additives for improved resolution in liquid chromatography mass
spectrometry

Additives were incorporated into the solvents in liquid chromatography systems to
improve the resolution of peaks in the chromatograms. The optimum additive for
each steroid should produce a high intensity well resolved peak with no peak

tailing.'

The acidic mobile phase additive required for optimum resolution of steroids was
investigated. A mixture of steroids (each 2uM) were injected into the mass
spectrometer via a 15cm C;g column. The effect of various liquid additives was
systematically investigated, these were the acidic additives trifluoroacetic acid,
formic acid, acetic acid and propionic acid, which are appropriate for positive mode.
Each additive was incorporated into the mobile phase at a concentration of 0.1%
(0.1% in methanol and 0.1% in water), a 50/50 methanol/water 0.1% additive

solution was also used to prepare the steroid mixtures themselves.

3.8 Procedure for statistical analyses from calibration graphs in both GC/MS
and LC/MS using standard reference materials

Experiments with standard reference materials were essential for quantitation of a
known steroid in a biological sample, this was conducted via calibration methods.
An internal standard is commonly used to improve quantitation statistics, these are
usually structurally similar compounds such as deuterated steroids or a steroid

derivative.

When completing a calibration series at least six concentrations of each steroid were
prepared spanning the concentration range around which the experimental data was
estimated to lie within. These results were plotted as a calibration graph of signal (in
this case peak area) against concentration (when using an internal standard a ratio of
sample peak area/internal standard peak area was used on the y-axis). The internal
standard used in these experiments was methyl-testosterone (a testosterone
derivative), which was added at the same concentration to each sample (the internal
standard was added at a concentration of ~40% of the calibration range). Although
this was not ideal (a deuterated analogue of each steroid would be the ideal) methyl-

testosterone was useful as it eluted mid-way through the chromatographic run and

56




Chapter Three: Experimental Methods

was not present in the biological samples. In the absence of deuterated standards
methyl-testosterone has been shown to be a good alternative internal standard for
steroid analysis.!®> Previous studies have also used other (un-involved) steroids as
internal standards, for example Cheng and co-workers used progesterone as the

internal standard when studying oestrogens in negative ionisation mode LC/MS."*

Linear regression from calibration graphs permitted calculation of the limit of
detection and quantitation of each steroid using each instrument. The R? value is the
coefficient of the linear position of the calibration line, which should be 0.98 or
higher for the results to be analytically significant. Regression calculations and
accurate quantitative results can only be obtained over the linear region. The same

method for quantitative calibration was used in LC/MS and GC/MS.

3.8.1 Calculation of R? and limit of detection (LOD)

If a linear relationship was observed between concentration and instrument response
(peak area or peak area ratio), the limit of detection can be calculated using the
equations below as described by Miller and Miller."

First the standard error of the data series (Sy/x) was calculated using,

1
Z(yi _.i}i)2 2

/
rix n-2

S 3.1

where Sy is the standard error, n is the number of data points and y, —p, are the y

residuals which are related to points on the regression line (calculated using the

regression function in Excel 2007).

The limit of detection (LOD) was then calculated as three times the standard error
divided by the slope of the linear regression line.

. 3xS,,,
L.O.D (concentration) =—by— (3.2)

Nine steroid standards were studied to determine the limits of detection for each in
each mass spectrometry system (GC/MS and LC/MS). A description of these

steroids and their structure is found in table 3.1.
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3.8.2 Statistical analysis methods for quantitative calibration by LC/MS

For each steroid standard a minimum of six dilutions (and a blank) were produced
ranging from 2uM-10nM. A C;s column was prepared by a number of washing steps
from 100% water to 100% methanol and subsequently for 20 minutes at the starting
gradient. Each dilution for each steroid (plus internal standard) was passed through
the column in triplicate (to provide statistical improvement) into the mass
spectrometer using methanol/water gradient system (0.1% acetic acid). The results
were compiled and calculations concerning R? and limit of detection were

completed.

3.9 Gas chromatography mass spectrometry for detection of steroids

GC/MS can provide unrivalled chromatographic performance for certain classes of
compounds. Steroid analysis by GC/MS is widely utilised, however the majority of
procedures involve a derivatisation step. There are limited examples of steroid
analysis using GC/MS without derivatisation, due to increased sensitivity and
stability upon derivatisation. Derivatisation has been undertaken, in many steroid
applications, for example, Leyssens and co-workers used a TMS derivatisation

procedure while investigating the illegal use of steroids within the cattle industry.'®

There were two gas chromatography mass spectrometry systems used in these
experiments these were the Fisons GC/MS MD800 and the Agilent 5975C GC/MSD
ChemStation linked to a Gerstel auto-sampler. Initial experiments were undertaken

prior to derivatisation.

3.9.1 Gas chromatography GC/MS MD800 set-up

Non-derivatised standard steroids of a concentration of 100ng/pL in methanol were
prepared, these were then subjected to analysis using the GC/MS MD800 with an
electron ionisation (EI) source in positive mode. A range of temperature gradient
programmes and settings of the GC were optimised to obtain an intense and well
resolved peak for each steroid. Retention times and standard mass spectra for each
steroid were obtained. Two columns were used for these investigations a HP-1
dimethylpolysiloxane column and a more specific steroid column a Supelco SLB-
5ms silphenylene polymer column. The GC/MS MD800 standard parameters for

steroid analysis prior to derivatisation are defined in table 3.3.
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Table 3.3: Standard operating parameters for GC/MS MD800 full scan analysis of
steroid standards using an EI source in positive mode.

Parameter Value
General
Run time 10-20 minutes
Scan events 1.0
Scan event details Full MS Scan (m/z 50-500)
Temperature range (GC oven) 20-300°C
Ionisation mode Positive
EI source
Source temperature 200°C
Source current 975 nA
¢ Energy 70 eV
Ion Optics
Repeller 4.6
Interface temperature 300°C
Detector
Detector 300
Analyser Pressure -4 (Vac)
Filament current 42 A
Trap current 158 pA

3.9.2 Gas chromatography Agilent GC MSD set-up

The Agilent GC MSD with ChemStation was also used in these experiments. This
was a newer instrument than the GC/MS MD800 with a greater variety of injection
and auto-sampler systems. These improvements included the capacity of online
derivatisation, cooled sample trays and a number of different injection methods such
as hot and cold spilt, splitless and on-column injections. Again the steroid standards
(100ng/pL) were individually infused into the GC/MSD and a full scan mass
spectrum obtained for each. The technique was optimised for detection, and later

separation of each of the steroids described in table 3:1.
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Table 3.4: Standard operating parameters for GC MSD full scan analysis of steroid
standards using an EI source in positive mode.

Parameter Value
General
Run time 10-20 minutes
Scan events 1.0
Scan event details Full MS Scan (m/z 50-500)
Temperature range (GC oven) 20-300°C
Ionisation mode Positive
EI source
Source temperature 200°C
€ energy 70 eV
Ion Optics
Repeller 28.28
Interface temperature 300°C
Detector
Analyser Pressure 7.67 x10° mbar

3.9.3 Statistical analyses from GC/MS calibration graphs using standard
reference materials

The methodology for GC/MS quantitation was similar to that for LC/MS. The
samples were made up in methanol and a calibration graph constructed using six
different concentrations 20-1uM plus internal standard (and a blank) spanning the
region around which the experimental data was expected to lie within. These
samples (1pL) were analysed in triplicate. The R? value and limit of detection were

calculated for each as outlined in chapter 3.8.1.

3.10 Derivatisation of steroids for analysis by GC/MS and LC/MS
Derivatisation agents react with certain functional group(s) to make a substituted
molecule which has an improved signal in the mass spectrometer. Derivatisation was
applied to;

1. increase (or decrease) volatility of a compound,

2. increase a compound’s ionisation efficiency,

3. avoid thermal decomposition of a compound,

4. improve sensitivity and/or,

5. improve chromatographic separation.
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In steroid analysis the hydroxyl groups are generally the site of derivatisation. Two
derivatisation procedures were investigated utilising the well known reagents, TMS'’

and dansyl chloride.'®

3.10.1 Trimethyl-silyl (TMS) derivatisation procedure

TMS derivatisation occurs at any hydroxyl groups in the steroid skeleton, through
addition of a trimethyl-silyl group (figure 3.1). Some of the steroids within the
expected profiles do not have hydroxyl groups, these should not undergo
derivatisation, also if multiple hydroxyl groups are present di- or tri-derivatised

steroids should be produced.

TMS derivatisation is probably the most widely used derivatisation procedure for
GC/MS analysis. The mass shift for a steroid with a hydroxyl group which
undergoes TMS derivatisation is +73 mass units for each TMS molecule
incorporated into the derivatisation end product. The TMS derivatisation procedure
proceeds as follows; the dry steroid extract was obtained and reacted with 30puL of a
BSTFA/TMS mixture (Bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane)
(BSTFA + 1% TMS). The solution was heated at 70°C for 60 minutes and dried

under nitrogen before being reconstituted for analysis.'*?°

This procedure was
investigated using the steroids testosterone, pregnenolone, oestradiol and oestrone.
Solutions of these steroids were prepared at concentrations of 10uM in methanol and
dried before derivatisation. The derivatised steroids were reconstituted in methanol

and analysed on the GC/MS MD800 using the optimised operating system.
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OH

Me { ———CHj

O/Sl
Me

CH,

Y

Me TMS-X
[¢)

X=Cl or CF5C(O)=NSi(CH3)3

Pregnenolone TMS derivatisation

Me
TMS-X

Y

Me + HX

HO
HgC\Si/O
Hac/
CH,
Fig 3.1: Diagram illustrating the TMS derivatisation reactions for testosterone and
pregnenolone both products produce a mass shift of +73.
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Fig 3.2: Diagram illustrating the TMS derivatisation of oestradiol, two products
produce a mass shift of +73, these are mono-derivatised compounds. One product
(bottom) has a mass shift of +146 this was the di-derivatised compound.
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3.10.2 Dansyl chloride derivatisation procedure

Dansyl chloride derivatisation is another widely used procedure which adds a highly
ionisable group to the steroid skeleton. Dansyl chloride derivatises the phenolic
hydroxyl group of the steroid skeleton which are unique to oestrogens. Androgens
and progestins do not have the required group and should not undergo any
derivatisation. Following dansyl chloride derivatisation oestrogens can be readily
analysed in positive mode LC/MS.?! Dansyl chloride derivatisation has also been

applied in GC/MS analysis of urinary amphetamines.”

To complete dansyl-chloride derivatisation the steroid extract was dissolved in
100pL of 0.1M Na,CO; buffer (pH 10.5) and 100pL of 1.0mg/mL of dansyl chloride
in acetone was added. The mixture was vortexed and heated for 3 minutes at 60°C,
after which the acetone was evaporated and MTBE (methyl tert-butyl ether) was
used as an extraction solvent. MTBE was used (at least twice) to extract the steroids
from the aqueous into the organic layer, the organic layers were then removed and
combined. The organic layer was evaporated to dryness before being reconstituted
for LC/MS and GC/MS analysis.”®>?* The mass shift for dansyl-chloride
derivatisation was +234. This procedure was investigated using the oestrogens
oestrone and oestradiol. The androgen testosterone and progestin pregnenolone were

also analysed to ascertain if any derivatisation occurs at their hydroxyl groups.
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HO

Q=—=S—0
F
N(CHa),
Me o]
Me o ﬁ
Dansyl Chloride derivatisation (l)
HO O—=S=——=0
F
N(CH3),

Fig 3.3: Diagram illustrating the dansyl-chloride derivatisation of oestradiol and
oestrone. Top diagram illustrates the derivatisation of oestradiol by dansyl chloride.
Oestradiol-DC has a mass shift of +234 from the neutral steroid of mass 272 to make
a reaction end product of mass 505. Bottom diagram illustrates the derivatisation of
oestrone by dansyl chloride. Oestrone-DC has a mass shift of +234 from the neutral
steroid of mass 272 to make a reaction end product of mass 503.

3.11 Separation of a mixture of steroids by GC/MS and LC/MS

A mixture of steroids was impossible to analyse using mass spectrometry alone due
to their isobaric nature (similar molecular weights and fragmentation patterns),
therefore prior chromatographic separation was an essential requirement. There were
two separation techniques investigated here, high-performance liquid

chromatography (HPLC or LC) and gas chromatography (GC), described previously.
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Both GC and HPLC systems can be directly linked to the mass spectrometer thereby
combining chemical separation with mass analysis. @ When optimised these
techniques permit excellent detection, resolution and separation of a mixture of

steroids.

Separation of a mixture of steroids by chromatography allows another method for
identification of steroids-retention time. Positive identification of a steroid in real
sample will have identical mass spectra, fragmentation data and a corresponding
retention time to that of the steroid standard. Both GC/MS and LC/MS standard
steroid separation techniques were optimised, (reported in chapter four, part 1), these
techniques were later applied to biological samples. Confidence in the results was
further improved by validation of the mass spectrometry methods providing
information about the reproducibility of the technique in terms of retention time and

instrument response (peak area) (determined in chapter 4.4).

The steroids standards were combined for optimisation of separation procedures.
This was completed using LC/MS by changing the mixture of organic and aqueous
mobile phases to sequentially elute steroids from an analytical column. Optimisation
of the separation of steroid standards was completed using GC/MS by changing the
temperature of the column which causes the steroids to sequentially enter the mass

spectrometer.

3.12 Steroid extractions

A wide range of steroid extraction procedures from a number of different matrices
have been developed. These range from simple liquid-liquid extractions to multiple
stage solid phase extractions depending on the matrix from which the steroids are
extracted and the type of steroid under investigation.”> An experiment to determine
the solubility of steroids in different mixtures of methanol and water was described
also described were a series of simple extraction techniques which were further

developed and optimised in chapter four, part 2.

3.12.1 Solubility of steroids in methanol and water
Techniques such as LC/MS and GC/MS require the steroid solutions to be prepared

in solvents and results may differ due to the solubility of that steroid in each solvent.
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Therefore the solubility of a steroid in the solvent of interest was important, if a
steroid was insoluble in that solvent then the experiment cannot proceed, also if the
steroid crystallises in the solution the concentration of dissolved steroid will be
reduced. In these experiments methanol and water were used as the primary
solvents, an experiment was designed to determine the optimum procedure for

steroid analysis using these solvents.

1uM solutions of testosterone and pregnenolone were dissolved in methanol, this
was then split into three samples and evaporated to dryness under nitrogen. The
samples were then dissolved in water, methanol and 50/50 methanol/water,
respectively. Following this the solutions were filtered to remove any particulates,
transferred to a clean glass 2mL vial and evaporated to dryness. The samples were
then dissolved into a 50/50 methanol/water (0.1% acetic acid) solution and analysed
by LC/MS (outlined in figure 3.4). The peak areas (proportional to concentration) of
each steroid was directly compared for each sample (methanol, methanol/water 50/50
and water) and so the solubility of the steroids in each of the three conditions was
calculated. This provides valuable information concerning the solubility of each

steroid in water and so in the cell culture media which was mainly water.
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IuM solution of testosterone and
pregnenolone in methanol

Sample 1 Sample 2 Sample 3

Evaporate samples to dryness

Dissolve in Dl:solve m Dissolve in
¢ 50% water th 1
water 50% methanol methano

Filter

Evaporate each sample to dryness and reconstitute in
methanol/watcr0.1% acetic acid for LC/MS analysis

Fig 3.4: Flow chart illustrating the method for determination of the solubility of
testosterone and pregnenolone in methanol, water and a 50/50 mixture of methanol
and water.

3.12.2 Simple liquid-liquid extractions of steroids

Steroids are extracted from simple matrices such as water by organic/aqueous liquid-
liquid extractions using an organic solvent. A difference in the polarity between the
two phases causes the steroids in an aqueous environment to readily move to the

organic environment.

3.12.3 Determination of the ideal solvent for liquid-liquid extraction of steroid
standards

The optimum solvent(s) for steroid extractions were calculated by investigating a
number of solvents of differing polarities. Solvents are given a polarity index (PI)
value of between 0 and 10, 10 being the most polar and 0 being non-polar. Water is
polar and has a PI of 9.5, hexane is non-polar with a Pl of 0. The larger the
difference in polarity between the two phases the more readily the steroids move

from the aqueous to the organic environment.
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Table 3.5: Solvents investigated and their polarity indices.

Solvent Polarity Index (PI)
Hexane 0
MTBE 22
Chloroform 4.0
Ethyl acetate 4.4
Methanol 5.1
Acetonitrile 5.8

The solvents investigated were chloroform, ethyl acetate, MTBE and hexane (table
3.5). Methanol and acetonitrile were not investigated further because they are both
miscible with water and do not form the two separate layers required to extract

steroids from the aqueous to the organic environment.

Testosterone and pregnenolone were chosen for this experiment as they elute in
different concentrations of methanol. To investigate which solvent was most
effective for steroid extractions 1mg of testosterone and 1mg of pregnenolone were
dissolved in 40mL of water. This solution was extracted by a number of simple
liquid-liquid extractions. 200pL aliquots of the steroid solution were decanted and
500uL of the solvent under investigation was added and vortexed after which the
organic layer was removed, and the extraction repeated. The organic layers were
combined and evaporated to dryness, these were then reconstituted in 50/50

methanol/water (0.1% acetic acid) and analysed by LC/MS.

3.13 Solid Phase Extractions (SPE) of steroids

Solid phase extractions using C;s solid phase extraction cartridges 100mg (Varian,
Yarnton, UK) were investigated. The Varian solid phase extraction cartridges used
in these experiments were essentially mini LC reverse-phase C;s columns. Steroids
were retained on the C;3 columns due to non-polar and Van Der Waals interactions.?®
Steroids were subsequently eluted from the column with an organic solvent such as
methanol.?’*%%° Optimisation and validation of these SPE methods is defined further

in chapter 4, part 2.

SPE is essential for steroid removal from aqueous based complex liquids such as

plasma, urine or cell media as it removes interfering substances such as proteins and
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FCS which hinder simple liquid-liquid extractions. SPE also overcomes any phase

separation problems producing a steroid fraction with a high percentage recovery.

3.13.1 Trial method for solid phase extractions with steroid standards

Steroid solutions of a concentration of 1pM were made up in a 1mL solution of
methanol, ImL of water was added to this solution and the mixture was vortexed for
5 minutes. The C;3 SPE cartridges were treated with 2mL volumes of
dichloromethane/methanol (50/50), methanol, water and methanol/water (50/50),
respectively. The steroid solutions were then allowed to flow through the cartridge
(0.5ml/min) and the effluent was collected and diluted to 30% methanol 70% water,
before being applied again to the SPE cartridge. The effluent was once again
collected and diluted to a 10% methanol solution, 90% water and applied to the
cartridge. The cartridges were then washed with 2mL of water before polar steroids
were eluted with a 2mL of 40% methanol, 60% water and neutral steroids were
eluted with 2mL of an 85% methanol 15% water solution. This standard method was
efficient for simple liquids such as water, however it was adapted for complex

matrices such as cells and cell media.

3.13.2 Solid phase extractions of steroids from established cell lines

The method for SPE of steroids from cells proceeds as follows. Cell pellets were
collected for analysis with all cell media removed, and they were suspended in 5SmL
of ethanol, and heated for 5 minutes at 64°C, the solution was next centrifuged and
diluted to a 50% ethanol solution by addition of SmL of water. The C;g Varian
cartridge was treated with 2mL of dichloromethane/methanol (50/50), 2mL methanol
and 2mL of ethanol/water (50/50) respectively. The cell solution was then passed
through the cartridge at a rate of 0.5mL/min. The effluent was collected and diluted
to a 30% ethanol solution by addition of water and re-applied to the cartridge. The
effluent was again collected diluted to a 10% ethanol solution and again allowed to
flow through the cartridge. After a 2mL water wash the steroids were eluted with
2mL of 40% methanol solution followed by 2mL of 85% methanol solution prior to

being evaporated to dryness and reconstituted for mass spectrometric analysis.
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3.13.3 Solid phase extractions from cell media

SPE of steroids from cell media proceeds as follows. The SPE cartridges were
prepared by washing with 2mL dichloromethane/methanol (50/50), 2mL methanol
and 2mL of water. 10mL of media was separated from the cells and heated with
2mL of 2M triethylamine sulphate at 64°C for 5 minutes, the media solution was then
passed through the SPE cartridge (0.5mL/min) and the effluent discarded. The
cartridge was washed with 2mL of water before the steroids were eluted with a 40%
methanol (60% water) solution followed by an 85% methanol (15% water) solution.
These solutions were then evaporated under nitrogen and reconstituted in 200uL of
methanol/water 50/50 0.1% acetic acid ready for LC/MS analysis or 200pL of 100%
methanol for GC/MS analysis. This procedure was adapted and optimised through

changes in elution solvents to achieve efficient steroid extraction.

To optimise steroid extraction from C;s SPE cartridges, the 85% methanol wash step
was investigated using the elution solvents methanol, 2-butanol and ethyl-acetate as
outlined in the flow chart below (figure 3.5). The steroids investigated were DHEA,
androsterone, DHT, oestrone, androstenedione, oestradiol, pregnenolone,
testosterone and progesterone which were prepared in a water solution
(representative of cell media) at a concentration of 1uM. The control (100%) sample
was a steroid sample prepared in methanol and analysed directly by mass

spectrometry (no sample loss due to experimental procedures).
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100% Steroid Steroid Steroid
solution solution 1 solution 2 solution 3
V. il
Elution
No extraction 2-butanol methanol Ethyl-
acetate Solvent
Evaporate Evaporate Evaporate
to dryness to dryness to dryness

Reconstitute for LC/MS and GC/MS analysis
Fig 3.5: Flow chart illustrating the method for determination of the optimum solvent
for steroid extractions from SPE cartridges. Steroid solutions 1, 2 and 3 and the
100% steroid solution all contain 1pM solutions of DHEA, androsterone, DHT,
oestrone, androstenedione, oestradiol, pregnenolone, testosterone and progesterone.
Elution solvents were 2-butanol, methanol and ethyl-acetate.

Following determination of optimum extraction solvent two 10OmL samples of cell
media (one containing foetal calf serum) were spiked with steroids (androsterone,
testosterone, DHEA, DHT, oestrone, oestradiol, androstenedione, methyl-
testosterone, pregnenolone and progesterone) each at a concentration of 50nM (in
1OmL of cell media). These steroids were then extracted to investigate the effect the
cell media and media constituents have on the efficiency of the SPE extraction

procedure.

3.14 Method for steroid treatments of cell lines and biopsies

Following optimisation of mass spectrometry and steroid extractions methods steroid
treatments of cell lines and biopsies can be completed. Initially each cell line was
grown until 80% confluent in a 25mL flask, after this the media was changed and the
cells incubated for 48 hours, the media was then removed and any steroids extracted,
which permitted determination ofthe basal steroid profile. Following this treatments
with a steroid from each of the steroid groups under investigation were completed, a

progestin-pregnenolone, an androgen-testosterone, and an oestrogen-oestradiol.
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Initially pregnenolone, testosterone and oestradiol were added (individually) to
20mL of media to make 100nM solutions as a dried solid, however after solubility
experiments outlined in chapter 3.12 (and optimised in chapters 4.11 and 5.8)
steroids were subsequently added as a solution in a minimal volume of methanol.
The cell lines Ishikawa and HEC-1B were grown as outlined in chapter 3.2, once
80% confluent the cell media was changed and the steroids (pregnenolone,
testosterone, oestradiol) were added at a concentration of 100nM. The cells were
incubated for 48 hours (Ishikawa) or 72 hours (HEC-1B) and the steroids extracted
from the cells and cell media by optimised SPE. This allowed analysis of any
metabolism products from the added steroids and determination of further
experiments. Steroid profiles from cells were uninformative in comparison to cell
media due to the lower concentration of steroids present in the cells (some below the
instrument limit of detection). This was advantageous as cells and cell media from
the same time point can be analysed in parallel to produce a picture of both enzyme

expression information and steroid profiles.

As a result of these initial experiments testosterone treatments were extended, the
Ishikawa and COV434 cell lines were split into eight 75cm? flasks and grown until
80% confluent. The media was removed and 20mL of fresh media was added with
the addition of testosterone to make 100nM solutions. After which every 8 hours for
48 hours (and at 72 hours) the cell media was removed and any steroids were
extracted (optimised Cjg). 72 hours was chosen as the treatment time for a number
of reasons;
1. after 72 hours the majority of testosterone was metabolised to other steroids
by each cell line,
2. at 72 hours the majority of nutrients provided by the cell media were used,
3. due to reduced nutrients the cells may become stressed which could alter
steroid metabolism after 72 hours and,
4. at 72 hours the cells were 100% confluent, after this time the cells become
overpopulated, possibly causing mutations and growth of multiple layers.
At each 8 hour time point the cell pellets were also removed, RNA extracted and
converted to cDNA, following this real time analysis was performed to calculate
steroid converting enzyme expression providing information on any temporal

changes in enzyme expression over 72 hours after testosterone treatments relative to
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basal conditions. (chapter 6). The other three cell lines HEC-1A, HEC-1B and
RL95-2 were analysed through a similar method with steroid and RNA extractions at

every 12 hours over a 72 hour period.

After mass spectrometry analysis it was possible to combine the steroid profiles from
each time point and produce a picture of testosterone metabolism in each cell line, or
endometrial biopsy. This allows comparisons of testosterone metabolism bio-

pathways in all cell types under investigation.

3.14.1 Testosterone treatment of biopsies

Biopsy samples were separated into epithelial and stromal components. Due to the
time taken to reach confluency only 4 time points were analysed for each biopsy
sample these were 0, 24, 48 and 72 hours. These times were chosen as they were
comparable to time points produced with the established cell lines. The biopsy
samples were split into four 75cm? flasks (stromal cells) or four 10cm diameter petri
dishes (epithelial cells) and treated with a 100nM solution of testosterone, the
steroids were extracted from the cell media via the previously optimised SPE

procedure and RNA was extracted at each time point.

Together the mass spectrometry and enzyme expression profiles produced at basal
level and after testosterone treatment provides important, novel information about
steroid metabolism in the endometrium and its disorders. The combination of mass
spectrometry and enzyme expression information will highlight any relationships
between specific steroid concentrations and specific enzyme expression. This will
emphasize steroids or enzymes which can be targeted for development of novel

treatments for steroid responsive endometrial disorders.
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Chapter Four: Optimisation of Experimental Procedures

4.0 Introduction
This chapter presents the optimisation of mass spectrometry methods for the
identification of steroid profiles (part one) and optimisation of steroid extraction

methods from biological samples (part two).

4.0.1 Chapter 4 Part One: Optimisation and Validation of Mass Spectrometry
Methods

The first part of this chapter details the optimisation of both gas and liquid
chromatography linked to mass spectrometry techniques for detection of a number of
steroid standards. Calibration data is included to determine which technique
provides the lowest limit of detection for each steroid and to quantify steroids in

biological samples.

Statistics concerning the reproducibility of the mass spectrometry techniques are
presented in this chapter, providing information about confidence in the results. Also
investigated and compared were a number of derivatisation procedures which act to

improve the sensitivity of mass detection for certain steroids.

4.0.2 Chapter 4 Part Two: Extraction of steroids from biological samples
After steroid analysis methods were developed and optimised the extraction of

steroids from biological samples was investigated.

Optimisation and validation of steroid extraction procedures (liquid-liquid and solid
phase extraction SPE) was completed. This data allows determination of the most
effective steroid extraction method(s) from solutions of steroid standards and

biological samples.
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Part One: Detection and separation of steroid standards by mass spectrometry

4.1 Optimisation of liquid chromatography mass spectrometry for detection of
steroids; solvents, mobile phase additives, and quantitative calibrations

A Dionex/LC Packings HPLC system fitted with a C;3 column was linked to the
LCQ DECA XP Plus mass spectrometer. A number of different C;g column lengths
were investigated (chapter 2 table 2.7). Various solvents, gradient systems, trap
columns, mobile phase additives, injection volumes and ionisation methods were
investigated to optimise the chromatographic resolution, separation and detection of

each steroid defined in table 3.1.

4.1.1 Steroid analysis by LC/MS

The steroids were infused directly into the mass spectrometer in positive mode with
an electrospray ionisation source and full scan mass spectra obtained over an m/z
ratio range of 50-500 Da. Each steroid protonated molecular ion [M+H]" if present,
was then fragmented at a collision energy >30eV to obtain fragmentation data. The
major ions produced were subsequently fragmented at similar collision energies to

produce further fragmentation information.

4.1.2 Androgen mass spectra and fragmentation data in LC/MS and MS/MS

All androgens (ESI source in positive mode) produced spectra with [M+H]" clearly
visible and abundant. Fragmentation information was subsequently obtained in
LC/MS/MS mode. For all the androgens analysed (table 4.1) an initial neutral loss of
18 mass units was observed due to a loss of water from the steroid, a subsequent
second water molecule was lost from all the androgens following the first.
Structurally characteristic fragments were noted to help aid steroid determination in
biological samples (table 4.1). All androgen mass spectra were comparable to

database steroid mass spectra.'
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Table 4.1: LC/MS/MS fragmentation data of androgens analysed on the LCQ DECA

mass spectrometer with an ESI source in positive mode.

Steroid m/z Assignment
289 [M+H]"
271 [M+H]"-H,0O
Testosterone 253 [M+H]'-2H,0
169 Fragment
303 [M+H]"
17a-methyl testosterone 285 [M+H]"-H,O
267 [M+H]"-2H,0
211 Fragment
DHEA 289 [M+H]"
271 [M+H]"-H,O
253 [M+H]*-2H,0
223,148 Fragments
Androsterone 291 [M+H]"
273 [M+H]*-H,0
255 [M+H]"-2H,0
199 Fragment
4-Androstene-3,17-dione 287 [M+H]"
269 [M+H]}'-H,0
251 [M+H]"-2H,0
Androstane 3,17-diol 293 [M+H]" not present
275 [M+H]" -H,0
257 [M+H]" -2H,0
DHT 291 [M+H]"
273 [M+H]"-H,0

4.1.3 Progestin mass spectra and fragmentation data in LC/MS and LC/MS/MS

Progesterone and pregnenolone both demonstrated abundant protonated molecular

ion [M+H]" peaks when analysed by LC/MS using an ESI source in positive mode.

The results were similar to those produced by androgens, with two neutral losses of

H,0 observed in MS/MS mode. Fragmentation data was recorded in table 4.2.

Table 4.2: LC/MS/MS fragmentation data of progestins analysed on the LCQ DECA

mass spectrometer with an ESI source in positive mode.

Steroid m/z Assignment

315 [M+H]"

Progesterone 297 [M+H]" -H,O
279 [M+H]" -2H,0

255,239,215 Fragments

317 [M+H]"

Pregnenolone 299 [M+H]" -H,0
281 [M+H]" -2H,0
180 Fragment
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4.1.4 Mass spectra and fragmentation data of oestrogens in LC/MS and
LC/MS/MS

The protonated molecular species [M+H]" for oestrogens were less abundant than
those produced from androgen or progestin analysis (for the same concentration of
steroid). Some weak fragmentation patterns were observed table 4.3, again as with
the androgen and progestin series an initial loss of water was observed in MS/MS
mode. A subsequent water loss was seen with oestriol, but with oestradiol and
oestrone the -2H,O signals were not present possible due to a lack of sensitivity for
oestrogens in the mass spectrometer. A more sensitive technique was required for
oestrogen analysis such as GC/MS analysis, or negative mode ionisation LC/MS,? or

adoption of a derivatisation procedure.

Table 4.3: Fragmentation data LC/MS/MS of oestrogens analysed on the LCQ
DECA mass spectrometer with an ESI source in positive mode.

Steroid m/z Assignment
273 [M+H]"
Oestradiol 255 [M+H]" -H,O
| 158 Fragment
289 [M+H]"
Qestriol 271 [M+H]" -H,0O
253 (M+H] -2H,0
271 [M+H]
Oestrone 253 [M+H]" -H,0
197 Fragment
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Fig 4.1: Mass spectra of a standard androgen top (testosterone), progestin middle
(pregnenolone) and an oestrogen bottom (oestriol). Samples were analysed using the
LCQ DECA mass spectrometer with an ESI source in positive mode by direct
infusion using 3pM solutions in 50/50 methanol/water (0.1% formic acid).
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4.2 Separation of steroid standards by LC/MS

For optimum separation the steroids should be fully resolved (well separated no peak
overlap), and have clear mass spectra containing abundant signals for the molecular
ions [M+H]" in ESI positive mode. A number of different gradient systems of

methanol and water were investigated to obtain an optimised steroid separation.

A mixture of androgens, oestrogens and progestins were prepared in 50/50
methanol/water and a number of methanol/water gradient programmes were analysed
to determine optimum separation and resolution. The elution order of steroids was
determined by running each steroid standard separately, using the same gradient
system, and comparing this to the chromatogram produced from the mixture of
steroids. The optimised separation was method 4 in the table below which was a

summation of a number of method development steps.

Table 4.4: Method development steps for optimisation of separation of a mixture of
steroid standards by LC/MS with an ESI source in positive mode using a
methanol/water gradient system with 0.1% acetic acid.

Starting Time | Concentration | Time Finishing Time
Method | concentration | (min) % methanol | (min) | concentration | (min)
% methanol % methanol
1 70 10 80 55 100 60
2 70 10 90 55 100 60
3 50 10 75 55 100 70
4 70 10 - - 100 70
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Fig 4.2: Optimised separation of eight steroids on the LCQ DECA mass spectrometer
via a Cig column with an ESI source in positive mode using a methanol/water 0.1%
acetic acid gradient system. Selected ion chromatograms of androstenedione,
testosterone, DHEA, methyl-testosterone, androstane-3,17diol, androsterone,
progesterone and pregnenolone selected molecular ions [M+H]+ were m/z 287, 289,
289, 303, 257, 291, 315, and 317 respectively.

Figure 4.2 illustrates the optimised separation of androgens and progestins using a
methanol/water elution system on a 25cm Dionex Cig column. This optimised
separation system was transferred to biological samples, allowing positive

identification of steroids through retention time and mass spectra comparisons.
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Steroids which co-elute (same retention time) can be distinguished on the basis of
their mass spectra and fragmentation patterns, although quantitation is not possible
for co-eluting peaks and so a technique which separates these compounds is required
for quantitation. Oestrogen separations were not shown here due to the lack of

sensitivity in this LC/MS procedure.

4.3 Effect of mobile phase additives on resolution of steroid peaks
Additives were incorporated into the LC/MS solvents to aid ionisation, improve
sensitivity and reduce peak tailing by altering the pH of the mobile phase.’ The
optimum additive for each steroid will produce high intensity well resolved peaks.
The choice of additive depends on the ionisation source (ESI, APCI or CI) and the
compound of interest. There are three types of mobile phase additives;

1. acids- aid detection of compounds mainly in positive mode,

2. salts- aid detection of compounds in both positive and negative mode,

3. bases- aid detection of compounds in mainly negative mode.*

4.3.1 Optimum additives

A number of acidic mobile phase additives (formic, acetic and trifluoroacetic acid)
were investigated to improve the resolution of the androgens and progestins in
LC/MS with an ESI source in positive mode. These were added to both mobile

phases and all samples at a concentration of 0.1%.

Table 4.5: Acidic additives producing optimum resolution and signal intensity for a
series of steroids. The percentage of each acid additive was 0.1% in all solvents and
steroid solvent solutions.

Name Optimum additive

Androstenedione Formic acid
Testosterone Trifluoroacetic acid

DHEA Acetic acid
DHT Acetic acid
Androsterone Acetic acid
Progesterone Formic acid
Pregnenolone Formic acid

It was concluded that acetic acid was the overall optimum additive, as it increased

resolution and signal intensity for the majority of steroids. Subsequently acetic acid
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was added to mobile phase solvents and samples at a concentration of 0.1% for all
positive mode LC/MS analyses. Chang and co-workers studied steroid analysis
using a methanol/water elution system and concluded that the additives formic or
acetic acid produce optimum responses for androgen analysis, agreeing with the

work outlined above.’

4.4 Optimum separation by GC/MS
As stated in chapter 3 (section 3.9) and in the literature most GC/MS steroid analysis
has occurred after derivatisation.® However, initial experiments here were

undertaken without derivatisation.

4.4.1 GC/MS MD800 analysis of steroid standards
Different column temperatures were investigated (table 4.12) and an optimum

procedure established to obtain high resolution peaks.

The molecular ion [M]" for androgens and oestrogens were abundant when analysed
by GC/MS (figure 4.3). The [M]" molecular ions of the progestin series were less
abundant, however the chromatographic peak representative of progesterone and
pregnenolone were still clearly visible in the total ion chromatograms. The
molecular ion indicative of cholesterol was also abundant in GC/MS analysis ([M]"
observed at m/z 386). Following this the steroids were combined and a temperature
gradient system was developed to determine the optimum separation conditions for

steroids using the GC/MS MD800.

Table 4.6: Major ions present for a series of androgens using the GC/MS MD800
with an electron ionisation source (EI) in positive mode.

Steroid m/z Rationalisation
Testosterone 288 MT™
DHT 290 M]”
17a-methyl testosterone 302 M1
DHEA 288 M]”
Androsterone 290 M]”
4-Androstene-3,17-dione 286 M1
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Table 4.7: Major ions present for progestins and cholesterol using the GC/MS
MD800 with an electron ionisation source (EI) in positive mode.

Steroid m/z Rationalisation
Pregnenolone 316 M]”
Progesterone 314 M]"
Cholesterol 386 M]”

Table 4.8: Major ions present for a oestrogens using the GC/MS MD800 with an

electron ionisation source (EI) in positive mode.

Steroid m/z Rationalisation
Qestrone 270 MI™

Qestradiol 272 MI”
Oestriol 288 M1
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Fig 4.3: Representative mass spectra obtained on the MD800 GC/MS using an El source in
positive mode, samples were a concentration of lOpM in methanol. Top mass spectra was
a progestin (pregnenolone) middle was an androgen (androsterone), and bottom was an
oestrogen (oestradiol). The molecular species was clearly observed for each steroid.

Table 4.9: GC/MS MD800 Temperature programmes to optimise the
chromatographic performance (separating steroid standards as a function of oven

temperature).
Injector Start Hold Gradient Finish Final hold
Method temperature temperature time (°C/min) temperature time (min)
°C) ©C) (min) “C)
1 220 40 1 20 290 10
2 220 200 1 20 290 15
3 220 220 1 20 290 15
4 220 250 1 20 290 15
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Injection numbers 1to 4 were completed to establish a temperature gradient system
using a variety of steroids. Method 4 produced an optimum separation (figure 4.4)

with well resolved steroid peaks in a short time period (less than 15 minutes).

*“ Androstetone
Androstene-dione
Oestradiol
Oestrone Testosterone
CHJ3Tlestosterone

Y Progesterone
DHEA Pregnenolone

700 760 800 8 60 900 950 10 00 10 60 1100 1150 12 00 12 SO 1300 1350 14 00

Fig 4.4: Separation of 10 steroids by GC/MS MD800 with an El source in positive
mode. Some steroids co-elute but can be distinguished from their unique peaks in
the mass spectra, for example the peak on the left of the chromatogram was the co-
elution of a mixture of DHEA and androsterone.

4.4.2 GC MSD analysis of steroid standards

The GC MSD was linked to the Gerstel auto-sampler, which permits pre-column
sample preparation methods such as extractions and on-line derivatisation. The
increased sensitivity of the GC MSD should improve standard steroid results in
comparison to the GC/MS MDB800 in terms of sensitivity and resolution. The steroid
standards were subjected to analysis using the GC MSD to determine optimum

separation parameters and the limit of detection for each steroid.

The steroid standards were infused directly into the GC MSD in positive mode using
an electron ionisation source and spectra obtained for each steroid. The full scan
mass spectra gave the [M]+ for each steroid standard comparable to those produced

by direct infusion to the GC/MS MDB800 see tables 4.9, 4.10 and 4.11.
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Fig 4.5: Mass spectra produced by the GC MSD with an El source in positive mode
for oestradiol (top), DHEA (middle) and progesterone (bottom). The molecular ion
[M +] were abundant for each steroid.
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Cholesterol
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vl
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Fig 4.6: Cholesterol GC MSD mass spectrum with an El source in positive mode.
The molecular ion [M +] was abundant for cholesterol observed at m/z 386.

Cholesterol can be easily detected using both the GC/MS MD800 and GC MSD. In
figure 4.6 the M f molecular species was abundant. The LCQ DECA mass
spectrometer was not sensitive to cholesterol, (possibly due to poor ionisation

efficiency using ESI) and GC/MS offers a viable alternative for cholesterol analysis.

The ten steroids (table 3.1 and cholesterol) were subsequently combined and
analysed to develop a separation technique. The optimum steroid separation was
achieved wusing a short column HPI and the rear programmable temperature
vaporisation (PTV) injection port at 150C, which was held for 1 minute, followed by
a temperature increase of 20°C/min to 250 C, which was held for 2 minutes. There
was still some co-elution of steroids using this temperature gradient system, for
example testosterone and oestradiol co-elute (figure 4.7). Separation of these two
compounds was possible but at the expense of good chromatography as a gradient of
O.fC/min was required which caused significant peak broadening and tailing.
Positive identification of co-eluting compounds can be determined from mass spectra
generated at these times as the co-eluting steroids generate different M+ ions, such as
DHEA and androsterone which have the different M+ ions of 288 and 290,

respectively.

&9

386



Chapter Four: Optimisation of Experimental Procedures

Abundanoce

1,2

25600000
24 000D0 6 » 7
2300000 KEY
2z00000 8 1,2 = DHEA, Androsterone
2100000
2000000 9 3 = DHT
100000 3 4 = Androstenedione
::Z:ZZ: S = Qestrone
T e00000 6,7 = Testosterone, Oestradiol
1so00a000 4 8 = Methyl-Testosterone
1«4c0000 10 9 = Pregnenolone
17300000 5
200000 10 = Progesterone
1100000
1000000

200000

82800000

700000

SO0O0000
S00000

400000
200000 U U
200000
100000

Time

y T y y T v
&.80 e.bo a.s0 7.00 7.50 8.00 8.0

Flg 4.7 Optimised separation of ten steroids by GC MSD using an HP-1 1 metre
column in positive mode with an EI source.

When comparing the GC MSD separation (figure 4.7) to that of the GC/MS MD800
(figure 4.4) it was possible to determine that the steroids can be separated in a shorter
time using the GC MSD. Separation 14 minutes (GC/MS MD800) whereas
separation of the same steroids using the GC MSD required just 8 minutes. The
elution orders of the steroids were the same for both techniques, but the GC MSD
instrument exhibited improved resolution. This was due to a combination of factors

such as the improved chromatography and injection procedures on the GC MSD.

4.5 Reproducibility of steroid retention times and peak areas: variation in
results with use of an internal standard

The reproducibility of each technique was measured by subjecting the same
concentration and volume of a steroid solution to analysis a number of times and
over many days (inter variation) and calculating the variation in the instrument

response (peak area and/or retention time).

Mass spectrometers are subjected to a number of day-to-day (intra-variation)

variations, such as variation in the source, instability of the mass scale, and changes
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in capillary temperatures. There are also daily variations (inter-variation) associated
with the LC systems, such as changes in column pressure, flow rate and column
temperature. GC variations can be due to problems within the GC interface to the
mass spectrometer (the transfer line from the GC oven to the ion source) or
temperature variations in the GC oven which affects pressure and temperature on the

column and so resolution of the compounds.

There are many techniques employed to reduce these errors through accurate
measurements and optimisation of analytical techniques and apparatus. The use of a
standard compound, similar to those under investigation to which the compound
under investigation can be compared is applied to reduce errors associated with intra
experimental variations of the instrument.” This standard compound can be added at
two time points each of which are given a different name;

1. Surrogate internal standard- standard compound is added at the start of the
experiment before extraction and undergoes all processes with the compound of
interest. This includes the whole analytical procedure i.e. derivatisation and
extraction. This method allows calculation of the analyte concentration present in
the original sample and overcomes errors associated with experimental sample losses
as well as errors associated with the analytical technique.

2. Internal standard (IS)- A standard compound is added after extraction
and/or derivatisation, prior to analysis. The internal standard is added in the same
concentration to each sample and a ratio of the instrument response for the analyte to
the instrument response for the internal standard is calculated. The internal standard
is added at a concentration of ~40% of the expected concentration range. In these
experiments the IS methyl-testosterone was added after steroid extractions, prior to

mass spectrometry analysis.

Instrument response reproducibility was calculated by measuring the peak area
produced by a steroid over 10 infusions. The peak area recorded should be the same
for each injected volume of sample and the variance of this represents the
reproducibility of the technique. The variance of the ratio of peak area/internal

standard peak area over a number of injections gives an error value related to
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instrument reproducibility, this is expressed as the relative standard deviation (RSD)

defined in equation 4.1.

Retention time reproducibility was calculated as actual retention time (Rt) and as
relative retention time to the internal standard. The retention times should be the
same for each steroid in every injection (same temperature/gradients). The retention
time was noted for each steroid for 10 injections over 2 days, and the relative
retention time to the internal standard’s retention time was calculated. The variance
over 10 injections and relative standard deviation (RSD) were calculated, producing

an error relating to retention time reproducibility.

4.5.1 Reproducibility of instrument response (peak area) produced by analysis
of androstenedione and androsterone

A mixture of androsterone and androstenedione was infused into the GC/MS
MD800, GC MSD and the LCQ DECA, ten times over two days. The instrument
response (peak area and retention time) was determined for each steroid in each
injection. The peak area ratio, and the retention time relative to the internal standard
were also calculated. The standard deviation and relative standard deviation® (RSD)

were calculated as defined in equation 4.1.

RSD = standard deviation x 100 (equ 4.1)
average

RSD= relative standard deviation, average is the average peak area (or retention
time) for 10 infusions into the mass spectrometer.
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GC/MS reproducibility data no internal standard GC/MS reproducibility data with internal standard
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Fig 4.8: Reproducibility instrument response (peak area) for androstenedione and
androsterone analysed by GC/MS MDS800 in positive mode using an El source.
Graph on the left demonstrated variation without an IS and the graph on the left
demonstrates variation with an IS.

Figure 4.8 illustrates the importance of an internal standard (IS). The RSD of 10
measurements of peak area was reduced from the initial error of > £40% to only
~+6% with the use of an internal standard for both steroids. Use of an internal
standard in GC/MS MDS800 analysis increased the confidence in quantitation of

steroids in biological samples.

Reproducibility of peak area in
GC/MSD for two steroids

Andfastened i Androsterone

Fig 4.9: Reproducibility of peak area relating to androstenedione (m/z 286) and
androsterone (m/z 290) when analysed by GC MSD in positive mode using an El
source with an internal standard (methyl-testosterone).

The RSD with use of an internal standard were ~+8% for both of the steroids
analysed on the GC MSD (this was comparable to those generated by the GC/MS
MDS800). Without an internal standard the percentage variation for both steroids was
~+10%, therefore the GC MSD mass spectrometer was less susceptible to day-to-day

instrument variations than the GC/MS MDS800.
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10000
9000 ]8
8000 1.6
7000 0 14
6000 1 1.2
5000
4000 L 0.81
3000 £ 0.6
2000 0.4
1000 0.2
0

Fig 4.10: Reproducibility of instrument response (peak are) relating to
androstenedione (m/z 287) and androsterone (m/z 291) when analysed by LC/MS on
the LCQ DECA mass spectrometer analysed in positive mode using an ESI source.
Left plot illustrates reproducibility without an internal standard right plot illustrates
reproducibility with an internal standard variance was calculated as RSD.

The RSD produced with and without use of an internal standard on the LCQ DECA
were similar ~£10%. From this small error it was concluded that there was little
variation in the LCQ DECA mass spectrometer in terms of peak area (the technique

was reproducible).

Reproducibility of retention times of two steroids in GC/MS Reproducibility in terms of retention times in

MDS800
GC/MSD.

335
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Andorstene-<lrone Androsterone Androstene-dione

Fig 4.11: Reproducibility of retention times of androstenedione and androsterone.
Left hand graph shows retention time reproducibility analysed on the GC/MS
MDS800, with an El source in positive mode. The right hand graph shows relative
retention times of androstenedione and androsterone analysed using the GC MSD in
positive mode with an El source. The scale on the y-axis are different due to different
retention times of the steroids in the different mass spectrometers (different columns
and temperature gradient systems GC/MS MD800 y-axis is seconds and GC MSD is

minutes).

Figure 4.11 demonstrates the high reproducibility of the retention times of
androsterone and androstenedione in gas chromatography mass spectrometry

(GC/MS MD800 and GC MSD). Retention times were highly reproducible with or
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without use of an internal standard. Variation in the retention time and relative
standard deviation of the retention time with both gas chromatography mass

spectrometers was comparable (table 4.11).

Fig 4.12: Plot showing the reproducibility of retention times of androstenedione and
androsterone. These were analysed on the LCQ DECA in positive mode using an
ESI source.

From the results presented above (figure 4.12) it was concluded that retention time
was reproducible with a relative standard deviation of+12.5% in LC/MS. There was
some variation in retention times without an internal standard (~+20% data not
shown) this could be due to incomplete initial column conditioning, pressure
changes, flow rate changes or differences in chromatography causing polarity to be
lower or higher than expected. Calculations of relative retention times to an internal

standard reduce these errors (table 4.11 below).

4.5.2 Comparison of reproducibility for GC/MS MD800, GC MSD and LC/MS
LCQ DECA

A comparison between the two GC/MS techniques and LC/MS was completed. This
provides information concerning how reliable each instrument was, and which

method was superior in terms of reproducibility of peak area and retention time.
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Table 4.10: Reproducibility comparison of instrument response (peak areas)
produced in GC/MS (GC/MS MD800 and GC MSD) and LC/MS (LCQ DECA): A
comparison of RSD variations (calculated variation of 10 measurements recorded on

2 separate days).

GC/MS GC MSD LC/MS
Steroid (MD800)
+ RSD % variation + RSD % variation | + RSD % variation
Without an internal : Androstenedione 43.38 10.4 8.86
standard Androsterone 4559 103 10.39
With an internal Androstenedione 6.20 7.57 10.98
standard Androsterone 621 7.59 10.68

The RSD associated with peak area for the GC/MS MD800 was very large when an
internal standard was not incorporated (the average RSD for these two androgens
was +44%). This error was significantly reduced with addition of an internal
standard to an average RSD error of £6.2%. This showed a significant run-to-run
variation within the GC/MS MD800 system, the reason for this large variation could
be due to the manual injection procedure, instrument parameter variation, or the GC
itself. The GC MSD has much reduced errors without the internal standard in
comparison to the GC/MS MD800, probably due to the automated injection system
and superior heating and cooling system of the oven. RSD were ~+10% without an
internal standard for the GC MSD, this was comparable with results generated by
Van Renterghem’ and co-workers who investigated the reproducibility of a number
of steroids using a GC MSD they calculated RDS values of between +5.02 and
21.9% for androsterone and +5.70 to 35.5% for androstenedione (placing the values
in table 4.10 at the lower end of their results). The LC/MS system (LCQ DECA)
shows small variations in the RSD for peak areas due to day-to-day instrument
variation. The LCQ DECA and GC MSD were comparable in terms of RSD of peak
area. This research highlights the importance of use of an internal standard for
quantitative analysis. It should still be noted that even though the LCQ and GC
MSD demonstrated comparable reproducibility values that the GC MSD was less

sensitive than the LCQ and so cannot be used for low concentration analysis.
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Table 4.11: Comparison of retention time reproducibility in GC/MS and LC/MS. A

comparison of RSD variations (calculated variation of 10 measurements recorded on
2 separate days).

GC/MS GC MSD LC/MS
Steroid MD800
+ RSD % variation + RSD % variation | * % RSD variation
Without an internal | Androstenedione 0.17 0.02 19.9
standard Androsterone 0.17 0.27 5.15
With an internal Androstenedione 1.14 0.05 9.98
standard Androsterone 0.65 0.11 3.53

Percentage RSD variation of retention time in GC/MS was low, both techniques were
highly reproducible. Table 4.11 demonstrates that retention times in the GC/MS
systems were more reproducible than the LC/MS system. The RSD retention times
in LC/MS were as much as £20%, which was reduced by approximately half with
addition of an internal standard. Shifts in retention times can vary throughout a
chromatographic run, the percentage variation is generally reduced at longer

retention times.

LC/MS and GC MSD were more reproducible in terms of peak areas than the
GC/MS MD800 (no internal standard). The GC/MS techniques were significantly
more reproducible in terms of retention time than the LC/MS system, however the
LCQ was more sensitive for androgens and progestins in positive mode (chapter 4.5)
and has the capability of MS/MS. A dual procedure for complete positive
identification and quantitation of a mixture of steroids from a biological sample may
be required. It was reasonable to assume that the errors associated with peak area

and retention times for the other androgens, progestins and oestrogens will be

comparable to those generated above.

4.6 Statistical analyses from calibration graphs using standard reference
materials

The method required to obtain calibration graphs were described in chapter three
(3.8). The results presented in this chapter represent the limit of detection calculated
for a number of steroids obtained through calibration series via LC/MS. From
calibration graphs the concentration of a specific steroid in a biological sample was
determined.
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Fig 4.13: Representative calibration graph for a series of concentrations of DHT.
Instrument response (peak area ratio to IS) was plotted against concentration.

Analysed on the LCQ DECA mass spectrometer in positive mode using an ESI
source.

Table 4.12: Limit of detection and R? values for 8 steroids analysed on the LCQ
DECA using a C;g reversed-phase column ESI source in positive mode. Methyl-
testosterone was the internal standard.

Steroid Limit of detection R’
nM

Testosterone 184 0.976
DHT 87.0 0.994
Androstenedione 36.1 0.987
DHEA 92.4 0.975
Androsterone 95.5 0.993
Androstanediol 80.5 0.969
Pregnenolone 2117 0.998
Progesterone 83.5 0.991

The calibration graphs generated for each of the eight steroids, with the use of an
internal standard were statistically significant as the R? values were all >0.98.
Oestradiol and oestrone cannot be detected below a concentration of ~500nM, as
when a steroid mixture was infused into the LC/MS system the protonated molecular
ions [M+H]" were indistinguishable from background. This may be because other
steroids were ionised preferentially, therefore a more sensitive method was required

for oestrogen analysis.

These limits of detection were higher than the required performance limits for
androgens as outlined in the WADA (World Anti-Doping Agency) 2004 for doping

laboratories, which are ~10ng/mL'°’ll the limits of detection recorded here could be
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reduced by at least an order of magnitude by the use of selected ion monitoring
(SIM) which would produce comparable results to the WADA values. Physiological
levels of steroids present in biological samples may be higher than the calculated
limits above, for example DHEA-S (a steroid precursor) has been recorded at a

concentration of 1pM in postmenopausal women.'?

In these experiments it was
steroid metabolism under investigation, specific steroids were added at
concentrations higher than the limit of detection, so they and their major metabolites
can be detected. Also after experiments steroids were concentrated by extractions
from large volumes of cell media and so were present at high concentration(s) in
comparison to the limit of detection of each steroid. For these reasons SIM was not

required in these experiments.

4.7 Statistics for GC/MS calibration graphs using the GC/MS MD800 and GC
MSD

Through calibration methods and a number of calculations it was possible to
calculate the R? value and the limit of detection for each steroid using the GC/MS
MD800 and GC MSD.

Table 4.13: Limit of detection and R? values for nine steroids analysed by GC/MS
MD800 (without an internal standard).

Steroid Limit of detection R’
M

Testosterone 3.09 0.982
DHT 447 0.964
Androstenedione 3.04 0.983
DHEA 7.33 0.908
Androsterone 7.66 0.901
Pregnenolone 4.74 0.960
Progesterone 2.99 0.984
QOestradiol 2.25 0.989
Qestrone 9.96 0.843

These R? values vary significantly, this was due to errors associated with the manual
injection procedure (use of an internal standard would increase the R? value and
lower the limit of detection). To our knowledge there were no current examples of
analysis of these steroids by GC/MS without prior derivatisation methods to improve

the sensitivity of the technique.
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Table 4.14: Limit of detection and R? values for nine steroids analysed by GC MSD
(with an internal standard).

Steroid Limit of detection R’
M

Testosterone 1.40 0.995
DHT 1.65 0.996
Androstenedione 1.10 0.998
DHEA 2.03 0.990
Androsterone 1.50 0.996
Pregnenolone 2.56 0.983
Progesterone 2.56 0.990
Qestradiol 3.32 0.983
Oestrone 1.31 0.997

Addition of an internal standard increases the R? value for each of the steroids
analysed. All the calibrations were statistically significant now as they all have an R?
value of over >0.98. The limit of detection was also reduced with the addition of an

internal standard by an average of 1.77uM for the GC MSD.

After analysis of these steroids by the GC/MS MD800 and GC MSD it was
concluded that the R? values were more statistically significant when using the GC
MSD. The limit of detection for each steroid was reduced when using the GC MSD
in comparison to the GC/MS MD800 (whether an internal standard was used or not).
These conclusions along with the auto-sampler availability and improved resolution
confirm that the GC MSD was a superior instrument to the GC/MS MD800. The
limit of detection for each steroid can conceivably be reduced following

derivatisation and/or SIM experiments.

4.8 Comparison of GC/MS and LC/MS for determination of ideal technique for
analysis of standard steroids

A comparison of LC/MS and GC/MS provides information concerning the optimum
analysis technique for each steroid in terms of the limit of detection. This was
important because, neither LC/MS nor GC/MS is universal for low level steroid
analysis. It was concluded that a dual method which includes both LC/MS and
GC/MS was required to generate full steroid profiles (from cholesterol to oestradiol)

in biological samples.
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Table 4.15: Comparison of the limit of detection (LOD) for GC MSD and LC/MS
with internal standard.

GC MSD LC/MS
Steroid LOD R® LOD R’
uM nM

Testosterone 1.40 0.995 184 0.976
DHT 1.65 0.996 87.0 0.994
Androstenedione 1.10 0.998 36.1 0.987
DHEA 2.03 0.990 92.4 0.975
Androsterone 1.50 0.996 95.5 0.993
Pregnenolone 2.56 0.983 : 21.2 0.998
Progesterone 2.56 0.990 83.5 0.991

Oestradiol 3.32 0.983 n/a n/a

Oestrone 1.31 0.997 n/a n/a

These results (table 4.15) demonstrated that the limit of detection for each steroid
generated by GC/MS (GC MSD) were higher than those generated by LC/MS (with
an internal standard). LC/MS was an average of ~20 times more sensitive than
GC/MS. The R? values for both were >0.98 showing that both sets of data were

statistically significant.

When a mixture of steroids were analysed by LC/MS oestradiol was almost
undetectable due to ionisation suppression. The signal produced when oestradiol
was infused into the GC MSD as a mixture was much improved in comparison to
LC/MS. Therefore for real sample analysis both LC/MS and GC MSD were
required, or a derivatisation method may be employed for single instrument full

steroid analysis.

4.9 Derivatisation for improved signal in GC/MS and LC/MS

Derivatisation changes the molecule by adding a functional group which increases
the ionisation efficiency of the molecule. The two derivatisation procedures
investigated have been previously described (chapter 3). The first was TMS
derivatisation which aids GC/MS steroid identification by derivatising the hydroxyl

13 The second derivatisation procedure

groups present in some, but not all steroids.
was aimed solely at increasing the mass spectrometers sensitivity to oestrogens, this
was dansyl-chloride derivatisation.!*  Dansyl-chloride derivatises the phenolic
hydroxyl group present in oestrogens, this procedure permits identification of

oestrogens in positive mode LC/MS and GC/MS.
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4.9.1 TMS derivatisation

TMS derivatisation was investigated using testosterone, oestradiol, pregnenolone and
oestrone solutions all of IOpM in methanol. Each steroid was derivatised as outlined
in chapter 3.10. The steroids were then analysed by direct infusion into the GC/MS
MD&800 in positive mode using an El source.

TESTOSTERONE TMS
TMS4 657 (13 952) Scan EI*

Fig 4.14: Testosterone TMS derivatisation analysed on the GC/MS MDS800 in
positive mode with an El source. Testosterone-TMS derivative and some remaining
testosterone were observed at 16 minutes, the derivatisation was not 100% efficient.

Scan Eli-

13.75 416

327e4

STERTMS Scan EI*
345

< 1132 168e5
STERTY.'S Scan EI*
272

10th 367e5
Tine

1450 1475 1500 1525 1550

Fig 4.15: Chromatograms showing the four peaks produced after oestradiol TMS
derivatisation. These chromatograms were produced on the GC/MS MDS800 in
positive ionisation mode using an El source. The top peak is representative of di-
derivatised oestradiol m/z 416, the middle peaks of selected mass m/z 345 were due
to the two mono-dervatised compounds which can be produced with oestradiol-TMS
derivatisation (OH groups at position 3 and position 17). The final peak of selected
mass m/z 272 is un-derivatised oestradiol indicating that the derivatisation was not
100% efficient.
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Fig 4.16: Chromatograms and mass spectra showing incomplete derivatisation of
pregnenolone. Two peaks were seen in the total ion chromatogram representative of

pregnenolone-TMS and un-derivatised pregnenolone.

in positive mode using the GC/MS MD800 with an El source.

These samples were analysed
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Fig 4.17: The chromatogram at the top shows two peaks after TMS derivatisation of
oestrone. The top chromatogram and top mass spectrum is the derivatised oestrone
m/z 342 the second chromatogram and the lower mass spectrum prove that
incomplete derivatisation of oestrone has occurred as the derivatised molecular ion
m/z 270 is observed. Analysed on the GC/MS MDS800 using an El source.
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Figures 4.14 to 4.17 demonstrated that TMS derivatisation of the hydroxyl groups
occurred with testosterone, oestradiol, pregnenolone and oestrone as the derivatised
molecular ion peaks were observed with all four compounds. Testosterone
conversion was the most efficient of these with little remaining underivatised
testosterone present. Oestradiol-TMS chromatograms and spectra were complex
because of the two mono, and one di-derivatised reaction end products (figure 4.15).
The mono-derivatised compounds produced a molecular ion peak at m/z 345, and the
di-derivatised compound produced a molecular ion peak of m/z 416. This leads to
multiple peaks in the chromatograms representative of one compound. This new
level of complexity will occur in any steroid with multiple OH groups such as
androstene-diol, oestriol and Sa-androstane-3,17 diol. The complexity of multiple
derivatisation sites combined with incomplete derivatisation lead to an alternative

derivatisation procedure being adopted.

4.9.2 Dansyl-chloride derivatisation

This procedure was initially investigated using oestradiol, oestrone, testosterone, and
pregnenolone. It has been previously shown that derivatisation of oestrogens can
lead to a large decrease in their limit of detection by LC/MS."” Dansyl-chloride
derivatisation acts only at phenolic hydroxyl groups however testosterone and
pregnenolone were also studied to ascertain if any derivatisation occurs at their
hydroxyl sites. ~0.1mg of each steroid were derivatised as outlined in chapter 3.10,
the end products of these reactions were extracted and reconstituted in 1mL of

methanol. From these stock solutions 2pL was taken and diluted in 100pL of 50/50

methanol/water 0.1% acetic acid which was directly infused into the LC/MS.
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Fig 4.18: Full scan mass spectra of dansyl-chloride-oestrone (top spectra), the protonated
molecular species can clearly be seen at [M+ derivative +H]+= m/z 504. This was produced
from direct infusion into the LCQ DECA with an ESI source in positive mode. The
LC/MS/MS generated fragmentation pattern of the protonated molecular ion (m/z 504
spectra) showing fragments which further aid identification using selected reaction
monitoring (SRM).
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Fig 4.19: Full scan mass spectra of dansyl-chloride-oestradiol (top spectra), the protonated
molecular ion can clearly be seen at [M+ derivative +H]+= m/z 506. This was produced from
direct infusion into the LCQ DECA with an ESI source in positive mode. The LC/MS/MS
generated fragmentation pattern of the protonated molecular ion (m/z 506-bottom spectra)
showing fragments which further aid identification when using SRM.
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The mass spectra (figure 4.18 and 4.19) illustrated dansyl-chloride derivatisation of
oestrone and oestradiol. Both full scan mass spectra display peaks which were
indicative of the derivatised oestrogens. There were no abundant peaks in either
spectrum which showed underivatised oestrogens, this shows the technique was
efficient, although the lack of sensitivity towards the un-derivatised oestrogens
should also be notéd. Development of a new separation technique was also required
for unequivocal identification of the oestrogen derivatives. Dansyl chloride-
oestradiol and dansyl chloride-oestrone were distinguishable due to a mass difference
of 2Da, due to the 2 extra hydrogens which are present in oestradiol in comparison to

oestrone.
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Fig 4.20: Full scan mass spectra of dansyl-chloride derivatised testosterone and
dansyl chloride derivatised pregnenolone. Analysed on the LCQ DECA mass
spectrometer with an ESI source in positive mode. No derivatisation has occurred as
the calculated dansyl-chloride representative peaks at m/z 523 for testosterone and
m/z 551 for pregnenolone were not present.
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Figure 4.20 illustrates no hydroxyl group dansyl chloride derivatisation of
testosterone or pregnenolone, as there were no peaks at the predicted derivatisation
m/z values. In both spectra the protonated molecular ion of the underivatised steroid
was abundant. The pregnenolone protonated molecular ion (figure 4.20) was less
abundant than in the other spectra, this could be due to the reduced extraction
efficiency of pregnenolone from the aqueous to the organic phase in the
derivatisation procedure, this theory was further supported by the steroid extraction
data described later in this chapter (4.14). Androgen and progestin analysis should

therefore be completed prior to oestrogen derivatisation.

4.9.3 Separation of Oestrogen dansyl-chloride derivatives

The polarity of the derivatised oestrogens is now different from the free steroid and a
new separation protocol was required. The separation of oestrogen dansyl chloride
derivatives was described by Tai using an LC/MS system.'® The LCQ DECA system
was optimised for the separation of the oestrogen dansyl-chloride derivatives in

positive mode using an ESI source.

A number of elution programmes were investigated and an optimised gradient
system of methanol and water with 0.1% formic acid was required to elute oestrogen
dansyl-chloride derivatives from a 150x1mm 3pm luna phenyl-hexyl column using a
flow rate of 40puL/min with an electrospray ionisation source in positive mode. The
optimum elution was achieved at a starting concentration of 70% methanol which
was maintained for 20 minutes, after which the methanol was increased to 100% at
25 minutes (this 100% methanol was subsequently maintained until the experiment
end at 60 minutes). The sample was first run in full scan mode and later for
increased sensitivity using SRM for the fragments of oestradiol-DC [M+H]" 506 —
171 and oestrone-DC [M+H]" 504 — 171. A method to confidently determine
oestradiol and oestrone, due to their unique molecular ions and retention times using
SRM was developed. Unique protonated molecular ions and fragmentation patterns
were observed for each DC-oestrogen, which in combination with unique retention
times (figure 4.21) allowed positive, more sensitive identification of oestrogens by

LC/MS in positive mode using an ESI source.

110




Chapter Four: Optimisation of Experimental Procedures

RT: 000 60 03 SM 15G

Oestrone-DC ML s otes
TIC F: ¢ cES1
SRM ms2
504 00@40.00 [
F / 04 1 1 170 00-172 00)
t 5 > 7 MS 20
ragmen m Z 2 080930112724
30
20
148 255 774 917 14 65 18 35 21 02 2329 26 74 29 28 3210 3510 46 95 49 30 52 82 56 27 58 76
NL 6 89ES
TIC F ¢ cESI
. SRM ms2
. OeStrad|O|-DC 506 00@ 40 00 (

170 00-172 00)
MS 20
2080930112724

Fragment m/z 506 — »171

4101

188 329 763 901 1370 1534 1974 21 79 25 52 29 04 3203 3517 3907 45 96 48 63 51 33 54 01 58 46

Fig 4.2 1: Separation of DC-oestradiol and DC-oestrone (2pM solutions) on the LCQ
DECA mass spectrometer with an ESI source in positive mode using a
methanol/water 0.1% formic acid using al50xImm 3p Luna phenyl hexyl column.
Oestradiol-DC SRM m/z 506—>171 (top), and oestrone-DC SRM m/z 504—171
(bottom).

4.9.4 Optimisation of dansyl-chloride derivatisation
A number of experiments were devised with the aim of improving the efficiency of
the derivatisation procedure. This was completed by adapting the derivatisation
method described in chapter 3.10. Four 2pM samples of oestradiol and oestrone
were prepared each was derivatised using dansyl-chloride with a different method
adaptation;
1. (all) the whole derivatisation mixture was dried and analysed-without an
extraction step
2. (2-butanol) 2-butanol was used as the extraction solvent (2-butanol was
chosen as it was calculated as the optimum extraction solvent for solid phase
extractions chapter 4.14),

3. (centrifuged) the derivatised mixture was centrifuged before analysis and,
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4. (no buffer) derivatisation was undertaken without the sodium carbonate
buffer.
These samples were then dried and reconstituted for LC/MS analysis. They were

analysed using the optimised LC/MS separation procedure outlined previously.

R Dansyl chloride derivatisation
methods.
Oestradiol
all 2-butanol centrifuged
Method

Fig 4.22: Optimisation of the dansyl-chloride derivatisation procedure by changing
reaction conditions. Peak areas were proportional to concentration the largest peak
area equates to the largest percentage conversion of oestrogen to the dansyl-chloride
oestrogen species analysed on the LC/MS LCQ DECA in positive mode using an ESI
source. Oestrone is represented in blue and oestradiol in red.

Figure 4.22 illustrated that the first derivatiastion procedure (all) was the most
effective- this was analysis of the whole derivatisation mixture by LC/MS, however
use of a guard column was needed to protect the analytical column from blocking.

This method was adopted for all future derivatisations.

4.9.5 Limit of detection for dansyl-chloride oestrogens

The instrument’s limit of detection for derivatised oestrogens was calculated by
preparing a calibration series of oestradiol and oestrone, derivatised as described
previously (4.9.4). Six samples ranging in concentration from 20pM to 500nM were

analysed.

Table 4.16: Limit of detection and R2 values for dansyl-chloride derivatised
oestrogens. Analysed on the LCQ DECA mass spectrometer with an ESI source in
positive mode.

Steroid LOD R2
nM

Oestradiol 316 0.9899

Oestrone 516 0.9806
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These results significantly improve the oestrogen limits of detection using an LC/MS
system. Previously Lin and colleagues determined that the use of dansyl chloride
derivatisation increased LC/MS sensitivity to oestrogens by 1 or 2 orders of
magnitude compared to the un-derivatised steroids.!” A single instrument (LC/MS)
can now be applied for full steroid analysis though Cs analysis of the androgens and

Luna phenyl hexyl analysis of dansyl-chloride derivatised oestrogens.

4.10 Optimal steroid analysis methods

Table 4.17 outlines the optimum analysis methods for nine steroids and cholesterol.
The optimum methods were determined through combination of a number of
parameters, such as sensitivity of the mass spectrometer (limit of detection),
complete separation and resolution of steroid standards. GC/MS analysis was
required for cholesterol analysis all other steroids can be identified and quantified

using the LC/MS system.

Table 4.17: Optimal analysis method for ten steroids. This table represents the ideal
method for analysis in terms of sensitivity and resolution.

Steroid Method Requirements
Testosterone LC/MS ESI positive mode
DHT LC/MS ESI positive mode
Androstenedione LC/MS ESI positive mode
DHEA LC/MS ESI positive mode
Androsterone LC/MS ESI positive mode
Pregnenolone LC/MS ESI positive mode
Progesterone LC/MS ESI positive mode

Oestradiol LC/MS Dansyl chloride derivatisation
ESI positive mode

Oestrone LC/MS . Dansyl chloride derivatisation
ESI positive mode
Cholesterol GC/MS EI positive mode

The results generated above were linked to recent literature via a number of sources,
for example Leinonen and co-workers concluded that ESI was the ideal method for
anabolic steroid analysis using a methanol/water elution system with acetic acid
mobile phase additive, in comparison to other LC/MS ionisation methods,'® agreeing

with the results accumulated for androgen analysis.
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A study by Diaz-Cruz and colleagues confirms the results regarding progesterone
analysis, LC/MS (ESI) was superior in terms of limit of detection to GC/MS,? (it was

conceivable that the same can be assumed for the chemically similar pregnenolone).
Anari and co-workers concluded that dansyl chloride derivatisation significantly

improves LC/MS sensitivity to oestrogens, this was confirmed in these

experiments.'*
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Part Two

Optimisation of extraction of steroids from biological samples

4.11 Optimisation of extraction procedures of steroids from biological samples

A number of extraction methods were investigated to determine which method
extracts the widest variety of steroids most effectively as described in chapter 3.12.
Initially an investigation into the solubility of the steroids in different solvents was

completed.

4.12 Solubility of testosterone and pregnenolone in water and methanol
The solubility of testosterone and pregnenolone in methanol and water was

determined as described in chapter 3.12.

Tcstosterone

MeOH H20 50/50

Pregnenolone

M=*OH H20 50/50

Fig 4.23: Top graph illustrates the solubility of testosterone in water, methanol/water
(50/50) and methanol. Lower graph illustrates the solubility of pregnenolone in
water, methanol/water 50/50 and methanol. Testosterone was more soluble in
methanol than in water, with 50/50 solution having a mid-range value. Pregnenolone
was more soluble in methanol than water with the half and half solution producing a
mid-point value. All errors were calculated from the standard deviation of two

experiments.

The percentage of organic solvent (compared to water) that steroids were dissolved
in affects the concentration of the dissolved steroid. The higher the percentage of

methanol in the mixture the higher the concentration of dissolved steroid. Twice as
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much testosterone dissolved in methanol when compared to water, and
approximately ten times the amount of pregnenolone was dissolved in methanol in
comparison to water alone (figure 4.23). In the 50/50 methanol/water samples both
steroids produced a mid-point concentration between the high dissolved

concentrations recorded in methanol and the lower dissolved concentrations in water.

From figure 4.23 it was concluded that addition of steroids to cells (via cell media)
should not be completed with the steroid as a solid or in a water solution. The ideal
method was to dissolve the steroid in methanol (or other organic solvent) and add a
minimal volume to the cell media. A concentration of less than 0.1% methanol in the
cell media should have no negative effect on the cells, (a high methanol

concentration would kill the cells).

After experiments were completed and steroids extracted solutions should be
prepared in 50/50 methanol/water for LC/MS analysis. This was to reduce
evaporation effects from the auto-sampler tray, and to ensure chromatographic

performance was not affected which may occur with a 100% methanol solution.

4.13 Cell media extractions- simple steroid extraction methods

The optimum solvent for a wide range of steroids will remove all steroids,
(androgens, oestrogens and progestins) from an aqueous solution with the highest
possible percentage recovery of each. This extraction procedure can then be applied

to extract steroids from cell media.

To calculate the optimum extraction solvent for simple liquid-liquid steroid
extractions two steroids which widely differed in the elution sequence were chosen
(testosterone and pregnenolone). The method for determination of optimum steroid

extraction solvent was outlined in chapter 3.12.
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Extraction of Testosterone and Pregnenolone by

0.25 a number of solvents.
0.2
o Testosterone
0.15 O Pregnenolone
0.1
0.05
Chloroform Ethyl-acetate Hexane

Fig 4.24: Relative extraction efficiencies of different solvents for testosterone and
pregnenolone extraction from a water solution. Average peak area to an internal
standard was plotted against the solvent used for extraction (chloroform, ethyl-
acetate, hexane and MTBE), analysed by LC/MS in positive mode using an ESI
source. Testosterone is represented in blue and pregnenolone in purple.

Ethyl-acetate was the most effective extraction solvent for testosterone,
pregnenolone was extracted most effectively by MTBE. MTBE was the least
effective solvent for testosterone extractions although it has been widely used
previously.19 The errors associated with pregnenolone were very high because of the
lack of solubility and poor extraction of pregnenolone from the aqueous to the
organic phase. As a compromise ethyl-acetate extracts both pregnenolone and
testosterone in relatively high amounts and is therefore the solvent of choice for

steroid extractions from water based samples.

This investigation was developed to analyse the cell media as cell media was mainly
water, however many other substances were added to the media, including
antibiotics, glutamine, nutrients, foetal calf serum, and other minor components. A
number of steroids were added to the Ishikawa cell media (SmL of DMEM, without
any added constituents), and S5mL of DMEM with full additions (antibiotic,
glutamine, sodium bicarbonate, sodium pyruvate and 10% foetal calf serum as
described in table 2.5). The samples were then extracted at least twice with ethyl-
acetate evaporated to dryness and reconstituted in methanol/water 50/50 0.1% acetic

acid for analysis by LC/MS.

Extraction of steroids from the DMEM sample (without additives) proved effective,
but extraction was not possible from the media with additives. This was probably

due to foetal calf serum in the media causing a suspension to form in the ethyl-
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acetate, causing incomplete separation of the organic and aqueous layers,
centrifuging the sample reduced this but the extraction was still ineffective. Steroids
cannot be extracted effectively from media containing these additives by liquid-
liquid extractions, a solid phase extraction method was developed to overcome this

problem.

4.14 Development of solid phase extraction for the extraction of steroids from
liquids

Solid phase extraction (SPE) was adopted as the method to extract steroids from cell
media which contained interfering substances such as foetal calf serum. SPE has
been widely used in steroid chemistry for a number of applications from the drug
abuse detection industry in cattle and athletes to oxy-steroid concentrations in neural
human biology.?® The solid phase acts as a barrier to the interfering substances and
so they were no longer problematic to the extraction procedure. The SPE procedure

itself was initially investigated followed by its application to cells and cell media.

4.14.1 Solid phase extraction method validation

The SPE procedure was investigated using a 1mL solution of a 1pM mixture of
pregnenolone and testosterone in water/methanol (50/50). This was completed using
the SPE procedure outlined in chapter 3.13. The extracts were evaporated to dryness
and re-constituted in 50/50 methanol/water 0.1% acetic acid for LC/MS analysis in

positive mode using an electrospray ionisation source.
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Testosterone

Pregnenolone

Fig 4.25: Separation of testosterone and pregnenolone after solid phase extractions
from 1pM solutions, using the LCQ DECA with an ESI source in positive mode.

IpM to 50nM solutions of testosterone and pregnenolone in water were effectively
extracted from water based solutions by SPE and detected by LC/MS. Further
optimisation ofthe technique was conducted to determine the percentage recovery of

these steroids and the optimum elution solvent.

4.14.2 Solid phase extractions of steroids from cells

Steroid extractions from cells did not yield high steroid concentrations after
pregnenolone, testosterone and oestradiol additions (100nM concentrations). It was
concluded that steroids were not present in the cells themselves in high
concentrations, probably due to their lipophillic nature therefore this procedure was

not optimised.

4.14.3 Optimisation of solid phase extractions of steroids from cell media
Solid phase extractions of steroids from cell media samples were optimised from the

original procedure outlined in chapter 3.13 using different polarity wash solvents for
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the final SPE steroid elution step. The elution wash was investigated to improve
extraction efficiency of steroids from cell media, previously Cho and co-workers
improved the recovery of urinary steroids by changing the elution solvent when

using an Oasis HLB column.*!

To optimise steroid extraction using C;3 SPE cartridges, the 85% methanol wash step
was investigated as described in chapter 3.13. The use of a number of solvents with
a range of polarities were investigated, these were methanol, 2-butanol and ethyl-
acetate with polarity indices of 5.1, 4 and 5.8, respectively. The SPE procedure was
completed as previously defined with the 40% methanol wash extended to remove all
traces of phenol-red after which 2mL of methanol, 2-butanol or ethyl-acetate was
used to elute the steroids. The eluted steroid solutions were then evaporated to
dryness and reconstituted for mass spectrometry analysis. A number of steroids were
investigated to define which solvent produced the optimum recovery for a range of
steroids. These were DHEA, androsterone, DHT, oestrone, androstenedione,
oestradiol, pregnenolone, testosterone and progesterone. The control sample was a
steroid sample prepared in methanol and analysed directly (no sample loss due to

experimental procedures).
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Extraction of 9 steroids by SPE analysed by GC/MS.
control
m methanol

2-Butanol

Steroid extracted

Fig 4.26: Extraction efficiency of nine steroids by SPE using three different solvents
methanol, 2-butanol and ethyl-acetate. The control was a non-SPE 100% steroid
solution. The peak area (proportional to concentration) was expressed as a ratio to
the internal standard methyl testosterone. These results were from the GC/MS
MD800 in positive mode using an El source. Errors were produced from the
standard deviation ofthe peak area ratio to an internal standard oftwo experiments.

Table 4.18: Percentage recovery of steroids when extracted by SPE using three
different elution solvents analysed on the GC/MS MDS800 with an El source.
Percentage recovery was calculated by assuming the control sample steroids produce
a peak area representative of 100% recovery. The percentage recovery for the other
steroids was relative to the contol sample.

Recovery of steroids from SPE.

(%)
Solvent
DHEA Andro DHT El Androstene E2 Testosterone Pregnenolone Progester
sterone dione one
Methanol 78.7 60.3 67.4 59.4 89.4 90.7 91.6 189 36.6
2-butanol 90.7 89.8 101 68.4 77.7 110 103 91.9 101
Ethyl-
acetate 84.3 69.0 73.3 58.0 94.6 92.5 92.3 78.0 149

From the figure 4.26 and table 4.18 it was possible to determine the extraction
efficiency (% recovery) for all the steroids investigated when analysed by GC/MS
MD800. It can be concluded that 2-butanol was the optimum elution solvent as a
range of percentage recoveries were obtained which were all over 68% with an
average recovery value of 92.7% compared to 84.9% for methanol and 87.8% for

ethyl-acetate.
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Fig 4.27: Extraction efficiency of eight steroids by SPE using three different solvents
methanol, 2-butanol and ethyl-acetate. Control is a non-SPE 100% steroid solution.
The peak area (proportional to concentration) was expressed as a ratio to the internal
standard methyl testosterone. These steroids were detected on the LCQ DECA with
an ESI source in positive mode. Errors were produced form the standard deviation of
the peak area ratio to an internal standard of two experiments.
Table 4.19: Percentage recovery of steroids from SPE cartridges using methanol, 2-
butanol and ethyl-acetate analysed on the LCQ DECA mass spectrometer using an
ESI source in positive mode. Percentage recovery was calculated by assuming the
control sample steroids produce a peak area representative of 100% recovery. The
Recovery of steroids from SPE.
Solvent (%)
DHEA DHT Andro El Androstene Testosterone Pregnenolone  Progester
sterone dione one
Methanol 72.2 63.7 69.0 65.6 93.4 83.3 115.0 107
2-butanol 87.9 86.4 85.0 103 100.1 92.5 87.1 97.9
Ethyl-
acetate 36.6 68.0 67.8 68.1 90.1 82.8 71.4 112

Chapter Four: Optimisation of Experimental Procedure

The same samples were also subjected to LC/MS analysis. The LC/MS results
(figure 4.27 and table 4.19) agree with the GC/MS results, confirming that 2-butanol
was the optimum solvent for maximum steroid elution from the SPE cartridges (as

this was non-derivatised LC/MS technique oestradiol was not included).
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The percentage recoveries vary compared to those calculated for GC/MS, this was
because of the differing sensitivities of each technique to different steroids.
Oestradiol (E2), for example, was not detectable in LC/MS, and LC/MS analysis was
more sensitive to progesterone. The overall average recoveries were similar for both
techniques, the methanol average percentage recovery was 83.7%, 2-butanol was
92.5% and ethyl-acetate was 74.6% in LC/MS compared to 84.9, 92.7 and 87.8% for
methanol, 2-butanol and ethyl-acetate respectively via GC/MS MD800. Both data
sets conclude that 2-butanol was most effective solvent for multiple steroid
extractions, as a result of this 2-butanol was employed as the steroid elution solvent

for all SPE processes in these experiments.
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4.15 Conclusions
The detection, extraction and derivatisation of steroids has been fully optimised and
validated. These optimised methods were subsequently applied to biological samples

to determine the steroid profiles and concentrations of each steroid in that profile.

The optimisation of steroid standard mass spectrometry techniques and determination
of limit of detection of each steroid in each mass spectrometer permits the confident,
positive, identification of steroids in water, cells and cell media. Quantitative
determination of androgens and progestins in biological samples can now be
assigned through calibration methods. Derivatisation of oestrone and oestradiol was
completed and optimised allowing for identification and quantitation of oestrogens in

biological samples.

The extraction methods of steroids from cell media has been adapted and optimised.
The percentage recovery of steroids from media with foetal calf serum was now
increased from virtually zero (liquid-liquid method) to an average recovery of more
than 92% for a mixture of androgens, oestrogens and progestins (SPE method),
producing an effective extraction procedure. The SPE method produced high
recovery, clean extracts and should be routinely used in steroid extractions from

complex matrices such as cell media.?
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Chapter Five: Steroid Mctabolism in Endometrial Cell Lines and Biopsics

5.0 Introduction

This chapter describes the metabolism of testosterone by the endometrial cancer cell
lines Ishikawa, HEC-1A, HEC-1B, and RL95-2 as well as the ovarian granulosa cell
line COV434. These cell lines were used to determine the optimum methods for
analysis of steroid profiles through mass spectrometry. Steroid concentrations were
determined from the optimised calibration experiments outlined in chapter 4.2, using

the internal standard methyl-testosterone.

These experimental methods were subsequently applied to endometrial biopsy
samples to determine steroid profiles (and enzyme expression-chapter 6) from
women with endometriosis, PCOS and ovarian cysts, unexplained infertility,
endometrial polyps, and moderate atypical hyperplasia, a fertile group was also

analysed.

This chapter will present cell line and biopsy experiments principally focussing on
the utilisation of testosterone. The data is presented as follows;
Cell lines;

- Preliminary experiments to investigate the metabolism of pregnenolone,
testosterone and oestradiol.

- Experiments regarding the utilisation of testosterone in established cell
lines.

- Androgen and oestrogen production in established cell lines following
testosterone treatment.

- Kinetics relating to production/metabolism of specific steroids.

- Conclusions (cell lines).
Biopsies;

- Experiments regarding the utilisation of testosterone in biopsies from fertile,
endometriosis, PCOS, ovarian cyst and unexplained infertility.

- Androgen and oestrogen production in fertile biopsies (and a tubual disorder
biopsy) following testosterone treatment.

- Androgen production in endometriosis, PCOS, ovarian cyst and unexplained
infertility biopsies following testosterone treatment.

- Oestrogen production in endometriosis, PCOS, ovarian cyst and

unexplained infertility biopsies following testosterone treatment.
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- Testosterone utilisation in an endometrial hyperplasia biopsy.

- Androgen and oestrogen production in an endometrial hyperplasia biopsy
following testosterone treatment.

- Testosterone utilisation in an endometrial polyp biopsy.

- Androgen and oestrogen production in an endometrial polyp biopsy
following testosterone treatment.

- Conclusions biopsies.
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5.1 Steroid Metabolism

Evidence suggests that the precursors to oestrogen synthesis in the endometrium are
the androgens testosterone and androstenedione, which are present in normal and
proliferative endometrium.l The majority of testosterone and androstenedione are
synthesised outside the endometrium, for example in the ovary, adrenal glands or
adipose tissue which enter the endometrium via the circulatory system. The
conversion of these steroids to other androgens and oestrogens is described in figure

5.1.

17b-HSDS5

17b-HSDZ 4

5AR1.2 SARL2

IAndrostane-dione
17b- HSD6

3-HSD1

Androsterone »ndrostan©-clol

17b-HSD1. 5, 7

Fig 5.1: Suggested pathway of testosterone and androstenedione metabolism through
steroid converting enzymes into androgens and oestrogens (the major reactions were
determined from a literature search references 2, and 13-31 chapter 1). 17b-HSD =
hydroxy steroid dehydrogenase which acts on position 17 of the steroid ring 3-HSD
acts at position 3 (the number after the name donates the isoform). SAR = five alpha
reductase two isoforms 1 and 2. Aromatase is the rate limiting enzyme in the
conversion of androgens to oestrogens.

All the HSD’s mentioned in this chapter and throughout this thesis are isoforms of
17(3-HSD, however to simplify the information they are expressed as HSD1, HSD2

etc.

5.2 Established cell lines: an introduction
Endometrial established cell lines have been widely used as models for studying

steroid metabolism and gene expression in human endometrium.2 All endometrial
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cell lines investigated in these experiments were representative of type one cancers
which typically develop from endometrial hyperplasia associated with oestrogen
exposure.” The ovarian cell line COV434 was incorporated as it has been previously

demonstrated to highly express aromatase and was employed as a positive control.*

5.2.1 Ishikawa cells
Ishikawa cells are a model of type one endometrial cancer derived from an
endometrial adenocarcinoma in a 39 year old woman. Ishikawa cells have been

widely used by numerous groups over the last twenty years.’

5.2.2 RL95-2 cells
RL9S5-2 are uterine epithelial adenosquamous cells, isolated from a 65 year old
woman with grade 2 (moderately differentiated) cancer in the early 1980’s.® These

endometrioid cells grow quickly upwards in island-like formations.

5.2.3 HEC-1A and HEC-1B cells

HEC-1A and HEC-1B are similar endometrial epithelial adenocarcinoma cell lines
isolated in 1968 from a grade two, endometrial carcinoma in a 71 year old woman.
HEC-1B is a sub-strain of HEC-1A, the cells in the HEC-1B strain are flatter and
more ‘pavement’ like than HEC-1A which tend to grow upwards in islands.” The
metabolism of steroids in these cell lines may not be identical due to differences in

steroid converting enzyme expression.

5.2.4 COV434 cells

The COV434 established cell line was established in 1984 from a 27 year old woman
with primary ovarian granulosa cell tumour. These cells grow quickly upwards in
islands. Ovarian granulosa cells are involved in the formation of the ovarian follicle,

. . 4
as well as conversion of androgens to oestrogens and progesterone production.

5.3 Endometrial biopsies

Biopsy samples were analysed using optimised experimental procedures developed
using the cell lines to produce quantitative steroid (and enzyme expression) profiles.
As many patient biopsies as possible from each of the groups described in chapter

one were collected (fertile and tubual disorders, PCOS, endometriosis, unexplained
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infertility). Where this was not possible case studies were investigated (endometrial
hyperplasia, endometrial polyp, ovarian cyst). All endometrial biopsies investigated

were stromal cells (except one epithelial endometrial hyperplasia biopsy).

5.4 Steroid profiles of established cell lines

Each cell line was initially analysed to determine the steroid profile under basal
conditions as described in chapter 3.14. This was completed through optimised
extractions (SPE-chapter 4.14) of the culture medium following exposure to cells for
48 hours which was subsequently analysed by optimised liquid chromatography and

gas chromatography mass spectrometry (chapter 4).

HEC-1B control

hfcCldC ;
n Androsteronc
100,, =59 \ Oestrone Cholesterol T
1/ J \ 112 321332 Festo-sterone
8 " .. 250 J* j 40 548

Fig 5.2: Illustrative chromatogram showing the detection of steroids in HEC-1B cell
media. Androsterone, oestrone, testosterone and cholesterol were observed in HEC-
IB cell media without addition of steroid precursor. Analysed using optimised
procedures on the GC/MS MD800 mass spectrometer in positive mode using an El
source, (the numbers of the chromatogram refer to the retention time (seconds) of
each peak).

Table 5.1: Steroid present in cell media of the established cell lines under basal
conditions.

Cell line Steroids detected

Testosterone, DHT, Androsterone, Androstenedione
Ishikawa Oestradiol, Oestrone

Testosterone, DHT, Androstenedione, Androsterone

HEC-1A Oestradiol,Oestrone
Testosterone, Androsterone
HEC-1B Oestrone
Cholesterol

Androsterone, Testosterone
RL95-2 Oestradiol, Oestrone

Testosterone, Androstenedione, DHT
COV434 Oestradiol, Oestrone

The steroid profiles calculated in table 5.1 (no added steroids) represent steroids

present under basal conditions, the presence of some of these steroids is due to foetal
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calf serum (FCS) which was added to cell media as it is essential for optimum cell
growth. These steroids can be removed by charcoal stripping the serum, however
this process does not remove 100% of all steroids and it also removes growth factors
which aid cell growth (which were important for growth of endometrial biopsies).
Addition of steroids to the cell media were completed to determined the routes of
steroid metabolism, three steroids were chosen for initial analysis these were

pregnenolone, testosterone and oestradiol.

The metabolism of pregnenolone, testosterone and oestradiol by endometrial cell
lines was investigated because,
1. pregnenolone is the precursor to androgen and oestrogen synthesis and
production,®
2. testosterone is a major circulatory androgen,’
- increased testosterone concentration has been recorded in the ovarian veins
of women with endometrial cancer,10
- testosterone is present at higher concentrations in endometrial tumours than
in the circulatory system,'!
- increased circulatory testosterone concentration is associated with increased
risk of developing endometrial cancer in postmenopausal women,'?
- testosterone is present at increased concentrations in the circulatory system
of women with PCOS,13
- testosterone is a precursor to oestrogens in the normal and proliferative
endometrium and,1
3. oestradiol is the most potent oestrogen responsible for proliferation and
progression of endometrial cancer,'* and is implicated in benign endometrial

.ys . . 15
conditions such as endometriosis.!

5.5 Treatment of Ishikawa and HEC-1B cells with pregnenolone, testosterone
and oestradiol

The HEC-1B and Ishikawa cell lines were treated with 100nM solutions of
pregnenolone, testosterone and oestradiol and the metabolites recorded as described
in chapter 3.14. 100nM of each steroid (above biological concentration) was added

to allow for low concentration products to be detected using the mass spectrometer.

133




Chapter Five: Steroid Mctabolism in Endometrial Cell Lines and Biopsics

Table 5.2: Steroids produced after treatments of HEC-1B and Ishikawa cells with
20mL 100nM media solutions of oestradiol, testosterone and pregnenolone.

Steroid added

Cell line (100nM concentration) Steroids Detected
Ishikawa Pregnenolone Pregnenolone
HEC-1B Pregnenolone Pregnenolone

Testosterone, Androstenedione,
Ishikawa Testosterone DHT, Androsterone

Testosterone, Androstenedione,
HEC-1B Testosterone DHT, Androsterone
Ishikawa QOestradiol Oestrone, Oestradiol
HEC-1B QOestradiol Oestrone, Oestradiol

Pregnenolone was not metabolised into any other steroids when added to Ishikawa or
HEC-1B cells. This suggests that the enzymes responsible for pregnenolone
metabolism, P450c17 is absent in Ishikawa and HEC-1B cells. There is some
literature which describes expression of P450c17 in the placental cell line JEG-3, but
to our knowledge there is no evidence of expression in Ishikawa or HEC-1B cells or
in the endometria,'® therefore any steroid production in the endometrium would
require a precursor distal to pregnenolone in the metabolic pathway, circulatory

testosterone and androstenedione have been suggested as such precursors.“

Addition of oestradiol to Ishikawa and HEC-1B cells resulted in an increase in
oestrone concentration. Previous studies by Chetrite and colleagues with the
Ishikawa cell line determined that the majority of added oestradiol was metabolised
into the sulphated (excretion) product via the enzyme oestrogen sulphotransferase.’
However, at high oestrogen concentration the sulphotransferases become saturated
and instead oestradiol was converted to oestrone by the oxidative HSDs (17p-HSD2,
4, 8) observed in figure 5.3. This was not pursued as the major objective was to
explore utilisation of testosterone by endometrial cells, however this would be an

ideal experiment for future work.
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Fig 5.3: Chromatograms of HEC-1B cell lines before (top) and 72 hours after
treatment with oestradiol (below) using the GC/MS MD800 mass spectrometer with
an El source in positive mode. The top chromatogram shows androsterone and
cholesterol present in cell media prior to steroid treatment, the lower chromatogram
has two major peaks these were due to oestradiol and oestrone (chromatograms are
scaled to the most abundant peak= 100).

Steroids produced after testosterone treatment of Ishikawa cells
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Fig 5.4: Chromatograms for Ishikawa cell lines before (top) and 48 hours after
treatment with testosterone (below) using the GC/MS MDS800 mass spectrometer
with an El source in positive mode. The top chromatogram shows testosterone
before addition to the cells and the lower chromatogram shows production of
androsterone, DHT and androstenedione.

These initial experiments revealed that testosterone produced the most informative
steroid profile (the metabolites androstenedione, androsterone, and DHT were

recorded figure 5.4). This experiment was extended to include more data points over
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the 72 hour period permitting calculation of time dependent steroid production. The
experiments were also adapted to include testosterone treatments of the established
cell lines HEC-1A, RL95-2 and COV434.

5.6 Metabolism of testosterone in endometrial established cell lines

100nM solutions of testosterone were added to the cell lines Ishikawa, RL95-2,
HEC-1A, HEC-1B and COV434. The androgens and oestrogens produced were
recorded at 8 hour intervals (Ishikawa and COV434) and 12 hour intervals (HEC-1A,
HEC-1B and R1.95-2) over a 72 hour period.

5.6.1 Enzyme Kinetics
The rate of production of each steroid and its subsequent conversion rate (if

observed) was calculated by analysing the change in steroid concentration over time.

If a reaction is first order the rate of reaction is dependent on the concentration and
all time points and concentrations will fit the equation,
Ln(-c—"J =kt (equ 5.1)
C,
where Cy is the concentration at time zero and C; is the concentration at time t. t is
time and k is the rate constant. A plot of Ln(Cy/C;) against time will produce a linear

line if the reaction was first order as demonstrated in figure 5.5.
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Fig 5.5: Illustration of a model first order decay of testosterone by the HEC-1B cell
line.

Graphs similar to figure 5.5 were produced for each cell line, where possible,

permitting calculation of kinetic data for testosterone utilisation. Co is not always set
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at 0 hours, this is due to some steroids not being present at the start of the reaction

and so COhas to be adjusted, in order to fit the equation.

5.7 Testosterone utilisation in established cell lines

Testosterone utilisation in each cell line was compared to provide information about

differential utilisation of testosterone during the 72 hour treatment period.

Testosterone utilisation in 5 established cell lines
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Fig 5.6: The reduction in testosterone concentration in Ishikawa (pink), COV434
(dark blue), RL95-2 (yellow), HEC-1 A (light blue) and HEC-1 B (purple) cell lines
over 72 hours after addition of a 100nM testosterone media solution. Steroids were
extracted from 1OmL of cell media at each time point. Concentrations of
testosterone were obtained by LC/MS using the ESI source on the LCQ DECA mass
spectrometer in positive mode using methyl-testosterone as an internal standard.

Testosterone concentrations decreased over time in all cell lines, suggesting it was
metabolised to other products (these products are defined in the next section). The
percentage converted after 72 hours was similar in Ishikawa 57% and HEC-1 A 67%
cells. 75% of the testosterone has been converted after 72 hours in the COV434 cell
line. The HEC-1 B cell line converts 88% of the testosterone to other products in the
72 hour time period. The cell line RL95-2 metabolises the largest amount of
testosterone 96% conversion to other products within the first 12 hours. To
determine the nature of these products LC/MS and LC/MS/MS experiments were

completed (described in chapter 4.2).
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The diagram below (figure 5.7) illustrates positive identification of testosterone in

RL95-2 cells due to comparative retention times to testosterone and identical mass

spectra.
Testosterone present in RL95-2
trio‘June iron iitfliiniu uhc a«»«ift hooe miiaoiu ««iu uiu rui wioe bilb
i Testosterone standard
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Fig 5.7: Top chromatogram and spectra shows positive determination of testosterone
in RL95-2 cells via matching chromatogram and mass spectra. Obtained on the LCQ
DECA mass spectrometer using an ESI source in positive mode with a Cig column
and methanol/water 0.1% acetic acid elution system.

5.8 Steroid metabolism by established cell lines

To aid comparison between cell lines androgen concentrations have been expressed
as an average ratio to the internal standard at each time point analysed via LC/MS,
and oestrogen concentrations as the peak areas produced from the LC/MS/MS

transitions (SRM) of 506—> 171 (oestradiol) and 504 —171 (oestrone).
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Table 5.3: Steroid nomenclature and colours on graphics (observed throughout this
chapter).

Steroid Colour on graphic
Testosterone Red
Androstenedione Blue
DHT
Androsterone
Androstanediol Green
Oestradiol
Oestrone Black

5.8.1 Steroid metabolism by the Ishikawa cell line

The concentration of testosterone decreased after addition to the Ishikawa cell media
from 100nM at time zero to ~43nM after 72 hours. Figure 5.8 suggests that the rate
of decay of testosterone is not a first order process, as there is deviation from the
linear (a linear relationship is not shown) and R2is low (the graph may be linear over

the first 24 hours however there are not enough data points to confirm this).

Average rate of Testosterone reduction in Ishikawa cells

08
y=0.01 38x
R2=10.6421
0.2
12 24 36 48 60 72
-02

Time (hours)

Fig 5.8: Rate of decay of testosterone in Ishikawa cells over 72 hours after addition
of a 100nM testosterone media solution. Ln(C0/C) is plotted versus time to
determine the rate of reaction and reaction order in Ishikawa cells.
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Androgen production by Ishikawa cells after
testosterone treatment!.
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Fig 5.9: Steroid profiles of four androgens over 72 hours in Ishikawa cells after
addition of a 100nM testosterone solution in 20ml of culture medium. Concentration
was calculated as a ratio to the internal standard methyl-testosterone, analysed using
an ESI source in positive mode on the LCQ DECA mass spectrometer with a Cjg
reversed phase column and an optimised methanol/water 0.1% acetic acid elution
system. The errors bars are produced from the standard deviation of 3 experiments.

Figure 5.9 illustrates the production of androgens in Ishikawa cells over 72 hours
after testosterone treatment. It was possible to detect four androgens in the steroid
bio-pathway, androstenedione, DHT, androsterone and androstanediol. The
concentration of DHT increased from 0 hours to a maximum concentration of
27.6nM at 40 hours after which the concentration remained constant.
Androstenedione concentration increased steadily from 8 hours until it reached a
plateau at 48 hours (concentration of 8.6nM). The presence of DHT and
androstenedione suggests that both sides ofthe androgen bio-synthetic pathway were
active in Ishikawa cells. The concentration of androsterone increased to a maximum

at 72 hours (10.5nM), suggesting that this was a reaction end product.
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Oestrogen production in Ishikawa cells after testosterone
300000 treatment
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Fig 5.10: Oestrogen production in Ishikawa cells after addition of a 100nM media
solution of testosterone over 72 hours. Dansyl-chloride derivatives analysed using
an ESI source in positive mode on the LCQ DECA mass spectrometer using a phenyl

hexyl column and an optimised methanol/water 0.1% formic acid elution system.
Concentration is expressed as peak area.

In the Ishikawa cell line there were high initial concentrations of both oestrogens
(due to FCS), the concentration of oestradiol was high at time zero but over time
concentration decreases (figure 5.10). Oestrone concentration decreases after time
zero until 24 hours, oestrone concentration then increased at 32 hours, (as the
precursor androstenedione was readily available at this time). It is possible that in

Ishikawa cells androstenedione was converted to oestrone at 32 hours.

The initial concentrations of oestrone and oestradiol (time zero) determined for all
cell lines and biopsies were representative of oestrogens present in the cell media
without any interactions with the cells. Any oestrone or oestradiol detected at this
time were due to FCS and not due to conversion of added testosterone to oestrogens.
Removal of oestrogens via charcoal stripping of the FCS reduce the oestrogens
present, however due to the variability in removal of androgens, and progesterones
coupled with removal of growth factors which aid cell growth this was not

performed.

Therefore production of oestrogens from added testosterone in cell lines and biopsies
was only confirmed if,
1. testosterone (or androstenedione) concentrations decreased in correlation with

increased oestradiol (or oestrone) concentration after time zero and,
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2. the change in oestradiol (or oestrone) concentration was significantly
different from the previous data point(s) (more than the error bars).
No oestradiol (or oestrone) was being produced if,
1. despite testosterone (or androstenedione) being readily available the
concentrations of oestradiol and oestrone remain constant or,
2. despite testosterone (or androstenedione) being readily available the
concentrations of oestradiol and oestrone decreased. These rules were

applied throughout this chapter.

5.8.2 Steroid production by RL95-2 cells after testosterone treatment

Androgen production in RL95-2 cells after testosterone treatment
0.75

0.65
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0.05

-0.05 0 36 48 60
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Fig 5.11: Androgens detected over 72 hours by RL95-2 cells after addition of a
testosterone solution of 100nM. Concentration was calculated as a ratio to the
internal standard methyl-testosterone, analysed using an ESI source in positive mode
on the LCQ DECA mass spectrometer using a Cjg reversed phase column and an
optimised methanol/water 0.1% acetic acid elution system.

The majority of testosterone was metabolised by RL95-2 cells within the first 12
hours. All testosterone appeared to be converted to the major end product
androsterone via the intermediate androstenedione, this was completed in the first 48
hours of the experiment. There was no DHT or androstanediol produced after
testosterone treatment suggesting that only one side of the bio-pathway was active
(figure 5.12). The maximum concentration of androstenedione was 46.7nM at 12

hours, and the maximum concentration of androsterone was 74.8nM at 36 hours.
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Fig 5.12: Diagram illustrating the active pathway (highlighted yellow) of androgen
synthesis in RL95-2 cells.
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Fig 5.13: Androstenedione is produced from testosterone in RL95-2 cells over 72
hours after addition of a 100nM testosterone media solution. Androstenedione decay
appears to be a first order process as a linear relationship was observed when
Ln(Co/C) is plotted against time. Co has been adjusted to 12 hours.

The rate of the reaction was calculated with the concentration of androstenedione at
12 hours being defined as CO as before 12 hours there was no precursor present for
this reaction (testosterone was converted to androstenedione in the first 12 hours).
The metabolism of androstenedione to its end products was a first order reaction as a

linear relationship is observed when concentrations is plotted against Ln(CO/C) and

R2is 0.9913 (figure 5.13).
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Production of oestrogens in RL95-2 cells after testosterone

treatment
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Fig 5.14: Oestrogen production in RL95-2 cells over 72 hours after addition of a
100nM testosterone media solution. Dansyl-chloride derivatives analysed using an
ESI source in positive mode on the LCQ DECA mass spectrometer using a phenyl
hexyl column and an optimised methanol/water 0.1% formic acid elution system.

The concentrations of oestradiol and oestrone remained constant throughout the
experiment, in RL95-2 cells this suggests that there was no aromatisation of

testosterone (or androstenedione) to oestrogens after testosterone treatment.

5.8.3 Steroid metabolism by HEC-1 A cells after testosterone treatment

Production of androgens in HEC-1 A cells after testosterone

treatment
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Fig 5.15: Androgen production in HEC-1 A cells over 72 hours after addition of a
100nM testosterone media solution. Concentration was calculated as a ratio to the
internal standard methyl-testosterone, analysed using an ESI source in positive mode
on the LCQ DECA mass spectrometer using a Cig reversed phase column and an
optimised methanol/water 0.1% acetic acid elution system.

Four androgens were detected as metabolites of testosterone in HEC-1 A cells, these

were androstenedione, DHT, androsterone and androstanediol. The concentrations
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of androstenedione and androsterone increased to a maximum of 15.0 and 17.0nM
respectively at 60 hours. The concentration of DHT reaches a maximum
concentration of 11.6nM at 24 hours. The reaction end product androstanediol was

produced after 24 hours and reaches a maximum at 60 hours.

Both sides of the steroid biosynthetic pathway were active in this cell line, confirmed

by the presence of DHT and androstenedione.

Testosterone decay in HEC-1A cells
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Fig 5.16: Decay of testosterone is HEC-1 A cells over 72 hours after addition of a
100nM testosterone media solution. Testosterone decay appears to be a first order
process as a linear relationship was observed when Ln(Co/C) is plotted against time.

The metabolism of testosterone in HEC-1 A cells was probably a first order reaction,
however there was some divergence probably due to the production of two
testosterone metabolites (androstenedione and DHT) or production of testosterone
itself. The result of this is the R2 value is lower than expected for a first order

reaction.
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Production of oestrogens in HEC-1 A cells after testosterone
treatment
300000

700000
600000
500000
400000
300000
200000

100000

24 36 48 60 72
-100000

Time (hours)

Fig 5.17: Oestrogen production in HEC-TA cells over 72 hours after addition of a
100nM/pL testosterone media solution. Dansyl-chloride derivatives analysed using
an ESI source in positive mode on the LCQ DECA mass spectrometer using a phenyl
hexyl column and an optimised methanol/water 0.1% formic acid elution system.

Again there were oestrogens present at time zero (lower than in the other cell line
media) thought to be due to oestrogens present in foetal calf serum. The
concentrations of oestradiol and oestrone increased after this time suggesting that in
these cells utilisation of testosterone (and androstenedione) possibly via the
aromatase enzyme was occurring. There were fluctuations in the oestrogen
concentrations this could be due to inter-conversion between oestradiol and oestrone

possibly through the 17(3-HSDs.
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5.8.4 Steroid metabolism by HEC-1 B cells after testosterone treatment

Production of androgens in HEC-1 B cells after testosterone

treatment
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Fig 5.18: Production of androgens in FIEC-1B cells over 72 hours after addition of a
100nM testosterone media solution. Concentration was calculated as a ratio to the
internal standard methyl-testosterone, analysed using an ESI source in positive mode
on the LCQ DECA mass spectrometer using a Cig reversed phase column and an
optimised methanol/water 0.1% acetic acid elution system.

After addition of testosterone to the cell media of HEC-1 B cells, again four
androgens were detected, DHT, androstenedione, androsterone and androstanediol
observed in figure 5.18. A maximum concentration of DHT of47.6nM was detected
at 12 hours, the concentration of DHT then declined throughout the remainder of the
experiment with the appearance of androsterone. The concentration of
androstanediol increased from 12 hours onwards to a maximum concentration of
7.87nM at 36 hours. In HEC-1B cells the major testosterone metabolism route

appeared to be via production of DHT in preference to androstenedione (figure 5.19).
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Fig 5.19: Major testosterone metabolic route in HEC-1 B cells.
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Fig 5.20: Decay of testosterone in HEC-IB cells over 72 hours after addition of a
100nM testosterone media solution. Testosterone decays appears to be first order
processes as a linear relationship was observed when Ln (Co/Ct) was plotted against

time.
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Fig 5.21: Decay of DHT in HEC-1 B cells over 72 hours after addition of a 100nM
testosterone media solution. DHT decays appears to be first order processes a a
linear relationship was observed when Ln (Co/C) was plotted against time. Co has to
be altered to 12 hours as before this time no DHT is present.
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Figure 5.20 illustrates that testosterone utilisation in HEC-1 B cells was a first order
decay. There was one major intermediate product of this reaction DHT, the highest
concentration of which was produced at 12 hours and was metabolised via the SAR
enzymes. After this time DHT was converted into its metabolites again as a first
order reaction (figure 5.21). Testosterone was also metabolised to the minor

products androstenedione, oestrone and oestradiol.

Androstene-dione decay in HEC-1 B cells
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Fig 5.22: Decay of androstenedione in HEC-1 B cells over 72 hours after addition of
a 100nM testosterone media solution. Androstenedione metabolism appears to be a
first order process as a linear relationship was observed when Ln (Co/C) was plotted
against time.

The decay of androstenedione in HEC-1 B cells was also a first order process,
possibly through the production of oestrone or other androgens. This was the minor
product of testosterone biosynthesis, the concentrations of which were close to the

limit of detection (36.1nM).
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Production of oestrogens in HEC-1 B cells after testosterone
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Fig 5.23: Production of oestrogens in HEC-1 B cells over 72 hours after addition of a
100nM testosterone media solution. Dansyl-chloride derivatives analysed using an
ESI source in positive mode on the LCQ DECA mass spectrometer using a phenyl
hexyl column and an optimised methanol/water 0.1% formic acid elution system.

The amount of oestrogens present at time zero were much reduced in this cell line in
comparison to the other cell lines highlighting the variation between batches of foetal
calf serum composition. There was a large increase in the concentrations of
oestradiol and oestrone at 12 hours suggesting that testosterone and androstenedione
were being converted to oestradiol and oestrone in HEC-1 B cells possibly via the
aromatase enzyme. The concentration of oestrone then decreased to an almost
constant value after 24 hours until the end of the experiment. The concentration of
oestradiol however increased again at 48 hours, this suggests that testosterone has
been metabolised to oestrogens in this cell line either through direct aromatisation or

via the intermediate androstenedione (via HSDs) followed by aromatisation.
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5.8.5 Steroid metabolism by COV434 cells after testosterone treatment

Androgens produced in COV434 cells after
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Fig 5.24: Androgen production in COV434 cells over 72 hours after addition of a
100nM testosterone media solution. Concentration is calculated as a ratio to the
internal standard methyl-testosterone, analysed an ESI source in positive mode on
the LCQ DECA mass spectrometer using a Cig reversed phase column and an
optimised methanol/water 0.1% acetic acid elution system.

Four androgens were detected after addition of testosterone to the COV434 cell
media (androstenedione, DHT, androsterone and androstanediol). These results
suggest the major testosterone metabolism route in this cell line occurs through DHT
to the end product androsterone (the route outlined in figure 5.19). The
concentration of DHT increased after addition of testosterone to a maximum of
94.7nM at 48 hours. The androgenic end product was androsterone with a maximum
concentration of 12.3nM recorded at 48 hours. A maximum concentration of

androstanediol was detected as a reaction end product at 48 hours (12.6nM).
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Fig 5.25: Testosterone decay in COV434 cells over 72 hours after addition of a
100nM testosterone media solution. A plot of Ln(C0/C) against time demonstrates
that testosterone metabolism in COV434 was a first order process.
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The metabolism of testosterone was a first order process in COV434 cells. There
was an error produced at 32 hours, which was correlated with the variation in DHT
concentrations at this time (figure 5.24). The explanation for this large error could
be because the production rate of DHT at 32 hours was different in one experiment
(possibly due to different expression of specific enzymes), or due to testosterone

production.
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Fig 5.26: Oestrogen production in COV434 cells over 72 hours after addition of a
100nM testosterone media solution. Dansyl-chloride derivatives analysed using an
ESI source in positive mode on the LCQ DECA mass spectrometer using a phenyl
hexyl column and an optimised methanol/water 0.1% formic acid elution system.

Concentrations of oestradiol and oestrone were high in the cell media (observed at
time zero) probably due to their presence in the FCS, after the first 8 hours the
concentrations of oestradiol and oestrone decreased. The concentrations of
oestradiol and oestrone then essentially remain constant suggesting that testosterone

was not being metabolised to oestradiol or oestrone in COV434 cells.

5.8.6 Conclusions- cell lines
Androgens and oestrogens were detected after testosterone treatments of the cell

lines, and the metabolism oftestosterone was different in each cell line.

The detection of testosterone metabolites has been studied for many years, primarily
in androgen responsive tissues. In 1973 Dorrington and co-workers recorded the
presence of androgens (androstenedione, androsterone, DHT and androstanediol)

after testosterone treatment ofthe seminiferous tubules isolated from male rats. They
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observed localised steroid metabolism routes in this androgen responsive tissue
comparable to that observed in the oestrogen responsive cell lines above,!’
suggesting that while the roles of a specific steroid in each tissue may be different the
metabolism routes are similar. There is also metabolism data available for the breast
cancer cell line ZR75-1, which is comparable to the data outlined above, after
androgen treatment of this cell line androgen metabolism readily occurs with no
detectable aromatisation to oestrogens.'® Information about androgen metabolism in
endometrial cancer cell lines is less widely available, a recent paper however
described the metabolism of androstenedione in the established cell lines Ishikawa,
HEC-1A, HEC-1B, and RL95-2. In the article Fournier and colleagues described
metabolism of DHT, testosterone, androsterone, and androstanediol after
androstenedione treatment with no reported conversions to oestrogens'® (GC/CI-MS

technique) which was directly correlated to the data recorded in these experiments.

Table 5.4 Times and maximum concentrations of androstenedione and DHT in
established cell lines. Detected on the LCQ DECA mass spectrometer using a C;g
column, with an ESI source in positive mode using an optimised methanol/water
elution system with 0.1% acetic acid. Concentrations were calculated via
comparison to a calibration series for each steroid as described in chapter 4.

Cell Line Maximum concentration Time
nM hours after testosterone
treatment
Androstenedione
Ishikawa 8.6 48
RL95-2 46.7 12
HEC-1A 15.1 60
HEC-1B Below LOD (36.1) 24
COV434 53 16
DHT
Ishikawa 27.6 32
RL95-2 n/a n/a
HEC-1A 11.6 24
HEC-1B 47.6 24
COV434 94.7 48

The highest concentration of androstenedione was recorded in the RL95-2 cell line at
48 hours, DHT was not detected in this cell line. The COV434 and HEC-1B cell
lines produced the highest concentrations of DHT and the lowest concentrations of
androstenedione. From these results it was possible to ascertain the principal route

of testosterone metabolism in each cell line. In the RL95-2 cell line testosterone
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metabolism was through androstenedione in the COV434 and HEC-1B cell lines
testosterone metabolism occurred mainly through DHT. In the Ishikawa and HEC-
1A cell lines testosterone metabolism occurred through both DHT and
androstenedione, suggesting that both sides of the bio-pathway were active.
Information concerning the expression of SAR1, 5SAR2 and a number of 173-HSDs
may explain differences in the metabolic pathways favoured in each cell line

(chapters 6 and 7).

Table 5.5 Table of maximum concentrations of androsterone and androstanediol in
all established cell lines. Detected on the LCQ DECA mass spectrometer using a C;3
column, with an ESI source in positive mode using an optimised methanol/water
elution system with 0.1% acetic acid. Concentrations were calculated via
comparison to a calibration series for each steroid as described in chapter 4.

Cell Line Maximum concentration Time
nM hour
Androsterone
Ishikawa 10.5 72
RL95-2 74.9 36
HEC-1A 17.0 60
HEC-1B 8.1 72
COV434 12.3 48
Androstanediol
Ishikawa 40.9 72
RL95-2 n/a n/a
HEC-1A 13.0 60
HEC-1B 79 36
COV434 12.6 48

The highest concentration of androsterone was recorded in RL95-2 cells, again due
to the simplicity of testosterone metabolism in these cells. The lowest concentration
of androsterone was detected in the HEC-1B éell line. The highest concentration of
androstanediol was detected in the Ishikawa cell line at 72 hours. There were similar
maximum amounts of androstanediol detected in HEC-1A (60 hours) and COV434
(48 hours).

Androsterone and androstanediol were the major androgenic end products. It is
conceivable that whichever way testosterone was metabolised (via DHT or
androstenedione) that androsterone and androstanediol was produced due to inter-

conversions through HSD enzymes.
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Table 5.6 Table of maximum concentrations of oestradiol and oestrone in all
established cell lines (concentrations at time zero were not included). Detected on the
LCQ DECA mass spectrometer using a luna phenyl hexyl column, with an ESI
source in positive mode using an optimised methanol/water elution system with 0.1%
formic acid. Concentrations were calculated via comparison to a calibration series
for each steroid as described in chapter 4.

Cell Line Maximum concentration Time
(nM) hour
QOestradiol
Ishikawa 1.55 16
RL95-2 1.45 72
HEC-1A 1.77 60
HEC-1B 7.59 12
COV434 1.87 48
Oestrone
Ishikawa 2.53 32
RL95-2 1.95 72
HEC-1A 4.88 36
HEC-1B 291 12
COV434 1.01 16

The highest concentration of oestradiol was produced in the HEC-1B cell line at 12
hours and the lowest in RL95-2 cells at 72 hours. The highest concentration of
oestrone was detected in the HEC-1A cell line (36 hours), and the lowest
concentration was detected in COV434 cells (16 hours). These results demonstrate
some oestrogen production was occurring after testosterone treatment however in
comparison to androgen synthesis this was a reduced pathway. It should also be
noted that there were oestrogens in the FCS under basal conditions and insensitivity
to oestrogens compared to androgens in the mass spectrometer may lead to reduced

sensitivity to oestrogens.

These experiments provide quantitative information concerning the metabolism of
testosterone in endometrial established cell lines. The results generated determine
the route of testosterone metabolism in the endometrial epithelial cancer cell lines.
At high testosterone concentration androgen synthesis’ occurred readily, and the
production of oestrogens was minor in all cell lines investigated. ~Oestrogen
production was not a major metabolism pathway in these oestrogen responsive cell
lines irrespective of aromatase expression. This unexpected result could be due to a
number of factors such as saturation of the aromatase enzyme in high androgen

environments, or due to the correct co-factors for the aromatisation not being present.
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The mRNA expression and aromatase activity may not be directly linked which
could further explain the disparities between high aromatase expression and no

oestrogen production. This is further discussed in chapter 7.

5.8.7 Conclusions testosterone utilisation (reaction kinetics)

The utilisation of testosterone was investigated in the established cell lines (figures

5.8,5.16, 5.20, and 5.25).

Table 5.7: Reaction kinetics for testosterone metabolism in established cell lines.

Cell Rate Rate Reaction Final Half life
line equation R? constant | Order | testosterone hours
k conc
nM
HEC-1B 0.0298x 0.9944 0.0301 1 12 23.26
COV434 0.0176x 0.9402 0.0168 1 15 39.38
RL95-2 - - - - 4 -
Ishikawa 0.0138x 0.6421 0.0192 ? 43 50.23
HEC-1A 0.0133x 0.8896 0.0129 ~1 33 52.12

First order reactions were observed for testosterone decay in HEC-1B and COV434
cells (figures 5.20 and 5.25). The rate of conversion is directly proportional to the
concentration of testosterone, this was observed because there was only one major

product for both reactions, testosterone — DHT.

The kinetics of testosterone metabolism in RL95-2 cells was not possible to

determine as more than 96% of the testosterone was utilised in the first 12 hours.

The decay of testosterone in Ishikawa cells is not a first order process no linear
relationship was observed (figure 5.8). The other two cell lines, Ishikawa and HEC-
1A produced two products when testosterone was added (DHT and androstenedione),
which makes the kinetics more complex, simple relationships between reaction rate

and concentration were not observed (relationships were not linear and R*<0.90).

An increase in testosterone concentration would cause the rate of reaction to appear
to decrease, causing divergences from the linear as observed in HEC-1A cells at 24
and 60 hours (figure 5.16), (a calculated decrease in the rate of reaction and R?

values). If these data points were removed the data set becomes more linear (R?
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increases to 0.975) demonstrating the decay of testosterone was probably a first order
and that a secondary process also could have been occurring in this cell line which
produced testosterone. This could be attributed to expression of specific enzymes

such as 17B-HSD5 (androstenedione — testosterone).

Table 5.8: Reactions kinetics for the decay of DHT and androstenedione in HEC-1B
and RL95-2 cells.

Cell Steroid Rate R> Rate Reaction | Half
Line Decay equation constant Order Life
Kk hours
HEC-1B DHT "0.0343x — 0.992 0.02886 1 20.21
0.5088
HEC-1B | Androstenedione 0.0365x — 0.9733 0.03568 1 18.99
0.4644
RL95-2 | Androstenedione 0.0614x — 0.9913 0.04605 1 15.05
0.6561

First order decays of the testosterone products DHT and androstenedione were
observed in the HEC-1B and RL95-2 cell lines (figures 5.21, 5.22 and 5.13). These
relationships were observed due to the simplicity of the reactions;

DHT — — androsterone (HEC-1B)

androstenedione — — androsterone (HEC-1B and RL95-2).
In the HEC-1B cell line the conversion rates of DHT and androstenedione to their
reaction products were similar to the utilisation of testosterone, half lives of 20.21
hours (DHT) and 18.99 hours (androstenedione) in comparison to 23.26 hours
(testosterone). This allows us to determine that none of these decays were rate
limiting in the production of androgens in the HEC-1B cell line. These decays were
concentration dependent this suggests all conditions and co-factors required for the

conversion were present.
These fully optimised and analytically validated methods were subsequently applied

to biopsies from women with benign endometrial conditions and fertile women to

evaluate the utilisation of testosterone in this setting.
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5.9 Analysis of endometrial biopsies from women with benign endometrial
disorders

The endometrial biopsies used in this study are summarised in table 5.9. These
disorders were chosen as there is evidence of altered localised endometrial steroid
metabolism in these conditions which may influence the course of the disorder;

1. Kitawaki and co-workers presented evidence of bio-accumulation of
oestradiol in endometrial biopsies from women with endometriosis.”’ The
role of androgens in progression of endometriosis is unknown.

2. Kaku and colleagues demonstrated high levels of oestradiol within
endometrial lesions sites of women with endometrial hyperplasia® and this
may contribute to progression to endometrial cancer. Current knowledge of
steroid metabolism in endometrial hyperplasia is limited and the potential
roles of androgens unknown.

3. Leon and co-workers demonstrated increased expression of 17p-HSD1 and
sulphatase and decreased expression of sulphotransferase in the endometria of
women with PCOS in comparison to normal endometria, which could result
in altered steroid metabolism.??> The analysis of a full steroid profile and the
inclusion of analysis of more steroid converting enzymes would further
elucidate altered steroid metabolism in the endometria of women with PCOS.

4. Pienkowski and colleagues discussed hormone production by ovarian cysts in
prepubescent girls causing the early onset of puberty.”® It is possible that
steroid metabolism in the endometria of women with ovari