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ABSTRACT

The highly vascularised ovarian luteal tissue is exposed to high-density lipoproteins 

(HDLs), and low-density lipoproteins (LDLs) in vivo. LDLs have been shown to stimulate 

human ovarian steroidogenesis, however the effects o f HDLs on progesterone production 

remain unclear. The present study investigates a role for HDLs in progesterone synthesis 

by human granulosa-lutein cells, and assesses the effects o f lipoprotein oxidation on the 

steroidogenic responses to HDLs and LDLs.

Human follicular fluid contained HDLs with a lower cholesterol content, and a 

lower proportion o f apolipoprotein E containing particles compared to plasma HDLs. 

Despite these differences, HDLs (intrafollicular fluid and plasma), and LDLs significantly 

stimulated progesterone production by granulosa-lutein cells. The progesterone responses 

to HDLs and LDLs were unaffected by protein kinase C down-regulation. However, 

HDLs and LDLs increased cAMP accumulation, and synergised with maximally effective 

concentrations o f hCG and dibutyryl cAMP to increase progesterone production by 

granulosa-lutein cells over 24h. The HDL/LDL-hCG interactions required 24h incubation 

regardless o f whether cells were exposed simultaneously, or in sequence to hCG and 

HDL/LDL. At equal cholesterol content, HDLs increased progesterone production to a 

greater extent that LDLs, suggesting that the progesterone response to HDLs may involve 

mechanisms other than cholesterol delivery. In keeping with this proposal, HDLs 

interacted synergistically with maximally effective concentrations o f 22R- 

hydroxycholesterol. Moreover, increased concentrations o f prostaglandin E2, cAMP and 

progesterone by granulosa-lutein cells, in response to HDLs, were abolished in the 

presence o f a prostaglandin H synthase inhibitor.

Human follicular fluids contained oxidatively modified HDL, despite having high 

antioxidant concentrations. Regarding the consequence o f lipoprotein oxidation, 

lipoproteins oxidised in vitro, did not interact synergistically with hCG to increase 

progesterone production. Moreover, the effects o f oxidised lipoproteins were unaffected 

by leucocyte-depletion o f granulosa-lutein cells. While native HDLs and LDLs support 

progesterone production in vitro, the physiological significance o f native and oxidised 

lipoproteins in vivo, remains to be elucidated.
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iodine*^  ̂radioactive isotope

inositol mono-1 -phosphate

inositol bis-1,4-phosphate

inositol tri-1,4,3-phosphate

isoprostane analogue to prostaglandin E2

in vitro fertilisation

dissociation constant

potassium dihydrogen ortho-phospahtQ

Michaelis Menton enzyme rate constant

lecithin-cholesterol acyltransferase

low-density lipoprotein

luteinising hormone

lectin-like oxidised LDL receptor

lipoprotein (a)

lipoprotein lipase

malondialdehyde
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MDA-TBA2 thiobarbituryl-malondialdehyde adduct

MnCl2 manganese chloride

MPA /we/a-phosphoric acid

mRNA messenger ribonucleic acid

Na2HP04 disodium hydrogen phosphate

NaBr sodium bromide

NaHCOs sodium bicarbonate

NaCI sodium chloride

NAD(H) nicotinamide-adenine dinucleotide (reduced)

NADP(H) nicotioamide-adenine dinucleotide phosphate (reduced)

NaNs sodium azide

NaOH sodium hydroxide

ND not determined

NDGA nordihydroguaiaretic acid

nitro-BSA nitrated bovine serum albumin

N2 nitrogen

NO nitric oxide

NS not significant

NSB non-specific binding

O2 superoxide anion

P probability

P4 progesterone

P450amm cytochrome P450 aromatase enzyme complex

P450cscc cytochrome P450 cholesterol side-chain cleavage

PA phosphatidic acid

PAF-AH platelet activating factor-acetyl hydrolase

PBR peripheral benzodiazepine receptor

PBS phosphate-buffered saline

PDE phosphodiesterase

PEG polyethylene glycol

PGB Pas-gel buffer

PGE2 prostaglandin E2
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PGFza

PGHS

PI

PIPi

PIP2

PKA

PKC

PLA2

PLC

PLD

PLTP

PMA

PMSG

PON

PRL

PTA

PUFA

RCT

RIA

22ROHC

ROO

ROS

Ts

SIP

S2P

SAP

SCP2

SD

SE

SF-1

SOD

SRA

prostaglandin p2a

prostaglandin H synthase

phosphatidylinositide

phosphatidylinositol mono- 1 -phosphate

phosphatidylinositolbis-4,5-phosphate

protein kinase A

protein kinase C

phospholipase A2

phospholipase C

phospholipase D

phospholipid lipid transfer protein 

phorbol-12-myristate-13-acetate 

pregnant mare serum gonadotrophin 

paraoxonase 

prolactin

phosphotungstic acid 

polyunsaturated fatty acid 

reverse cholesterol transport 

radioimmunoassay 

22R-hydroxycholesterol 

peroxyl radical 

reactive oxygen species 

Spearmans ranked correlation 

site-1 -protease 

site-2 -protease

steroidogenic activator peptide 

sterol carrier protein- 2  

standard deviation 

standard error o f the mean 

steroidogenic factor- 1 

superoxide dismutase 

scavenger receptor-A
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SR-BI

SR-BII

SRE

SREBP

SREC

StAR

TBARS

TEP

TG

TNF

TSH

VEGF

VLDL

v/v

w/v

scavenger receptor class B, type I

scavenger receptor class B, type II

sterol regulatory element

sterol regulatory element binding protein

scavenger receptor expressed on endothelial cells

steroidogenic acute regulatory protein

thiobarbitiric acid reactive substances

1,1,3»3,-tetraethoxypropane

triglyceride

tumour necrosis factor 

thyroid stimulating hormone 

vascular endothelial growth factor 

veiy-low density lipoprotein 

volume per volume 

weight per volume
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LIST OF UNITS

Concentrations: lU  = international units

M = molar

mol = moles

Volumes = litre

Time = hours

mm = mm

Distance m =metres

Mass Da = daltons

g = grams

Temperature = degrees Celsius

Centrifugal force g  = gravity

Radioactivity: Bq:

cpm:

dpm:

Ci

bequerel ( 1  disintegration per second) 

counts per minute 

disintegrations per minute 

curie (3.7 x 10*® Bq)

Prefixes: mega (M) 

kilo (K) 

milli (m) 

micro (p) 

nano (n) 

pico (p) 

femto (f)

xlO*

xlO*

xlQ-

xlO -6

xlO'̂

xlO

xlO

-12

,-15
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Chapter One

GENERAL INTRODUCTION

This thesis describes the effects o f both high- and low-density lipoproteins on 

progesterone production by human luteinised granulosa cells, and investigates the 

mechanisms by which these lipoproteins may exert their effects. The General Introduction 

defines the nature o f the human ovarian cycle and discusses the hormonal control o f  

ovarian steroidogenesis, with particular en^hasis on luteal fimction. Plasma lipoproteins 

are defined and their relevance in ovarian physiology is reviewed.

1.1. The Ovarian Cvcle

During puberty through to menopause, folliculogenesis occurs in the ovary, 

whereby activated follicles leave a pool o f resting follicles and enter a phase o f growth and 

development. The ovary has a cyclic fimction, which is the result o f a series o f interactions 

between the hypothalamus, the pituitary glands and the ovaries, during which an early 

follicle undergoes rapid cellular proliferation and differeration.

Gonadotrophin-releasing hormone (GnRH), a decapeptide synthesised by the 

neurosecretory cells o f the hypothalamus, is secreted in a pulsatile manner (McCann et al., 

1998). Under the influence o f GnRH, the pituitary secretes luteinising hormone (LH) and 

follicle stimulating hormone (FSH), also in a pulsatile manner (Yen, 1977; Fink et al., 

1979). The ovary responds to variations in FSH and LH in a cyclical manner, with each 

cycle lasting approximately 28 days (varies between 25-35 days), and consisting o f two 

phases (reviewed in Macklon and Fauser, 1998).

The first phase o f the ovarian cycle, termed the follicular phase (14 days) starts on 

day 1, which corresponds to the first day o f menses. In primates, this phase corresponds 

to the growth o f a cohort o f follicles fi’om which only one typically attains Graafian status. 

During this phase, the cells o f the selected follicle proliferate and secrete increasing 

amounts o f oestradiol (Bergeron et al., 1988; Ferenczy and Bergeron, 1991). At the end 

o f the follicular phase, ovulation occurs which is triggered by the oestrogen-dependent 

mid-cycle surge o f LH (reviewed in Tsafiifi et al., 1993; Clarke, 1995; Mahesh and Brann,
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1998), resulting in rupture o f the follicle, and the expulsion o f the oocyte from the ovary. 

After ovulation, the cells constituting the remaining follicular tissue become highly 

vascularised and undergo lutéinisation, giving rise to the corpus luteum (CL).

During the second phase o f the ovarian cycle, termed the luteal phase, the CL 

actively secretes progesterone (the main steroid synthesised and secreted by the CL), 

under the influence o f LH. In response to progesterone secretion during the luteal phase, 

the epithelial cells o f the endometrium diflerentiate. In the event o f conception, the CL 

maintains the circulating progesterone concentrations, required to sustain pregnancy until 

the foetal-placental unit is established. In the absence o f conception, the endometrium 

sheds, leading to menstruation (De Ziegler et al., 1998), and FSH levels rise resulting in 

the initiation o f a new cycle (Le Nestour et al., 1993). The CL regresses both structurally 

and functionally, with decreases in progesterone production and, in the case o f primates, 

oestradiol secretion.

Oestradiol and inhibins A and B are the main regulators o f gonadotrophin 

secretion, with oestradiol exerting a negative control over FSH and LH secretion from the 

pituitary, mainly during the follicular phase (reviewed in Gougeon, 1996; Chabbert Buffet 

et al., 1998). Increases in oestradiol concentration have been shown to (i) increase the 

responsiveness o f gonadotroph cells to GnRH, (ii) increase the number o f GnRH receptors 

and, (iii) trigger a GnRH surge from the hypothalamus (Sarkar et al., 1976; Fraser and 

Bouchard, 1994; Clarke, 1995).

Rises in progesterone concentrations prior to the mid-cycle surge may also play a 

role in triggering the release o f LH. Studies in the macaque ovary using progesterone 

inhibitors have demonstrated a block in the LH surge (Shortle et ah, 1983; Collins and 

Hodgen, 1986), signifiying the importance o f progesterone prior to the LH surge. To 

further support this, mcreases in serum progesterone concentrations prior to the LH surge 

have been measured in normal cycling women (Chang and Jaffe, 1978). The endocrine 

control o f ovarian function by gonadotrophins is thought to modulate paracrine and 

autocrine regulatory systems, initiated by a variety o f molecules, including growth factors 

(Gougeon, 1996).
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Figure 1.1. Schematic representation of the development of one follicle in the 

human ovary

The ovary is comprised o f three regions; (i) the outer cortex containing the oocytes 
representing the main mass o f the ovary, (ii) the inner medulla comprising the stroma, 
composed o f connective tissues, interstitial tissue and neurovascular cells, in which the 
follicles are embedded, and (iii) the hilium which serves as a point o f entry for blood and 
nerve vessels. The schematic shown above is representative o f the structural changes 
during follicular development for one ovarian cycle (see text for details).
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1.1.1. Follicular development

Approximately 7 million germ cells are present in utero, with follicles being formed 

during the fourth month o f foetal life. At birth, the human ovary contains approximately 

500, 000 resting follicles. The majority o f the follicles remain in the resting phase until 

they either degenerate or undergo atresia, a phenomena thought to be associated with 

programmed cell death in the ovary (reviewed in Kaipia and Hsueh, 1997; Martimbeau and 

Tilly, 1997). However, many follicles become activated and enter a growth phase, from 

which about 400 progress to ovulation (between the period o f puberty and menopause). 

Follicles o f <0.04mm diameter, termed primordial follicles, are at a stationary phase o f 

development (Figure 1.1).

The factor triggering the initiation o f follicle growth from the pool o f resting 

follicles, is at present unclear (reviewed in Gougeon, 1996). Gougeon and co-workers 

(1996) have postulated that an inhibitory factor(s) prevents the growth o f follicles from the 

pool o f resting follicles (comprised mainly o f primordial follicles). As the pool o f resting 

follicles decreases, the inhibitory effects exerted by the primordial follicles is thought to 

also decrease, triggering an increase in the number o f follicles entering the growth phase. 

In rats, it has been proposed that initiation is stimulated by gonadotrophins. However, in 

the granulosa cells o f small follicles in both humans and rats, the identification o f genes 

encoding specific growth factors and their receptors, suggests their involvement as 

initiators o f follicular growth (Zhou et al., 1996; Puscheck et al., 1997; Driancourt and 

Thuel, 1998; Parrot and Skinner, 1998).

In the growth phase the follicles enlarge due to proliferation o f the granulosa cells, 

and an increase in the size o f the oocyte. The initiation o f follicular growth leads to the 

formation o f the primary follicle (up to 0 .1mm), which consists o f an oocyte surrounded by 

a glycoprotein rich mucoid (the zona pellucida), separating the oocyte from the granulosa 

cell monolayer (Fig 1.1). The granulosa cells extend protoplasmic processes to the oocyte 

to maintain nutrient flow. Further proliferation o f the granulosa cells gives rise to the 

secondary follicle (up to 0.2mm). At this stage the stromal cells surrounding the basement 

membrane (termed the basal lamina), become aligned in concentric layers around the 

follicle, and become stratified, giving rise to the follicular theca. The theca differentiates 

into two parts; the outer fibrous theca externa and the inner vascularised theca interna. 

Thus, at this stage the follicle is directly exposed to circulating substances, and can be 

termed preantral (reviewed in Driancourt and Thuel, 1998).

29



At this stage o f follicular growth, the rate o f follicle growth exceeds the rate o f cell 

proliferation, and the continuity o f the granulosa cells becomes disrupted by small fluid 

filled cavities. The cells o f the theca interna become cuboidal and rich in lipid droplets, 

one preovulatory follicle is selected to achieve Graafian status, and the remaining follicles 

undergo apoptosis (Martimbeau and Tilly, 1997). The small fluid-filled cavities aggregate 

to form a central cavity, called the antrum, which contains follicular fluid (Driancourt and 

Thuel, 1998).

1.1.1.1. Formation o f follicular fluid

Follicular fluid reflects the hormonal micro-environment o f the follicle, and is 

composed o f substances secreted by primarily granulosa and thecal cells, as well as 

transudates o f plasma. Follicular fluid contains most plasma proteins together with high 

concentrations o f progesterone and oestradiol produced by the granulosa and thecal cells 

(McNatty, 1978). The basement membrane has been show to act as a molecular sieve, 

since relative concentrations o f plasma proteins in follicular fluid have been shown to 

correlate with the molecular weight o f the protein (Shalgi et al., 1973). Concentrations o f  

specific proteins in human follicular fluid may reflect the physiological condition o f the 

follicle.

Follicular fluid has been shown to contain high levels o f high density lipoproteins 

(HDLs) with very low, or undetectable levels o f low- (LDLs) or very low-density 

lipoproteins (VLDLs) (Simpson et al., 1980; Perret et al., 1985; Suchanek et al., 1988; 

Volpe et al., 1991; Jaspard et al., 1996 and 1997). The différences between the 

concentrations o f various lipoproteins in human follicular fluids compared to plasma i.e., 

presence o f HDL and absence o f LDL, may be a reflection o f particle size and a sieving 

effect o f plasma through the basement membrane. Follicular fluid also contains high 

concentrations o f bilirubin (Bayer et al., 1992) responsible for its yellow pigmentation, as 

well as numerous other antioxidants (Schweigert and Zucker, 1988; Bayer et al., 1992; 

Luck, et al., 1995), growth factors (Rabinovici et al., 1990; Spicer et al., 1995) and 

steroid hormones (McNatty, 1978; Huyser et al., 1993; Andersen, 1997).
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1.1.2. Ovulation and lutéinisation

The LH surge triggers ovulation in the preovulatory follicle. LH is thought to 

stimulate specific biochemical and physical changes in the follicle, by inducing the transient 

expression o f genes essential for ovulation in the preovulatory granulosa cells (reviewed in 

Richards et ah, 1998; Tsafiifi and Reich, 1999). These may include induction o f the 

progesterone receptor (PR) gene, and/or the induction o f prostaglandin H synthase-2 

(PGHS-2), both o f which are thought to induce the activation o f matrix 

metalloproteinases, and synthesis o f growth factors, and induce the recruitment o f  

inflammatory cells (Petrovska et a l, 1992; Buksovsky et al., 1995; Brannstrom and 

Friden, 1997).

The activation o f proteases within the follicle alters the integrity o f extracellular 

matrices, and capillaries from the surrounding stroma proliferate and penetrate the basal 

lamina, thus providing the luteinised cells with plasma-bome substances. Lutéinisation is 

the remodeling process o f the follicle whereby the individual cells lose defined structures, 

and both the thecal and granulosa cells differentiate into the luteal phentotype, a process 

which is irreversible.

The rapid vascularisation o f follicular tissue, is thought to be regulated by the 

paracrine release o f angiogenic inducers such as basic fibroblast growth factor (bFGF) 

(Gospodarowicz et al., 1985 and 1986; Reynolds et al., 1998), vascular endothelial 

growth factor (VEGF), and angiotensin (Reynolds and Redmer, 1998; Lebovic et al., 

1999). These factors induce endothelial migration, proliferation and formation o f blood 

capillaries. Angiogenic factors have been shown to be present in human follicular fluid 

(Koos, 1989; Yamada and Gentry, 1995; Artini et al., 1998) and ovarian tissues (Gordon 

et al., 1996). Predominant staining o f such factors are dominant in thecal cells o f healthy 

follicles corresponding with lutéinisation o f the follicle, and in the highly vascularised CL 

(Ferrara et al., 1998; Fraser et al., 1999). Moreover, the number o f CL in the presence o f 

the angiogenic inhibitor TNP-470, are decreased (Fraser et al., 1999). Thus, angiogenic 

fectors are essential for vascularisation o f the ruptured follicle, and the formation o f the 

CL.
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1.1.3. Physiological role o f the Corpus Luteum

The principal role o f the CL is the synthesis and secretion o f progesterone. The 

primary actions o f progesterone are to stimulate nutrient secretion from the endometrial 

glands and to maintain endometrial vasculature, thus preparing the uterine endometrium 

for implantation o f the embryo following fertilisation (reviewed in Graham and Clarke,

1997). Progesterone exerts negative feedback on the hypothalamus-pituitary axis to 

suppress the release o f pituitary gonadotrophins. Thus, progesterone reduces the pulse 

frequency o f GnRH and LH. This allows enrichment o f the gonadotrope cells o f the 

pituitary gland in FSH, which in the absence o f fertilisation, will be secreted during luteal 

regression. The main role o f the CL is to provide hormonal support during early 

pregnancy, and to inhibit further ovarian cycles throughout gestation. In humans, the CL 

provides the major source o f progesterone, until the foetal-placental unit is able to produce 

adequate levels o f progesterone to sustain pregnancy.

1.2. Ovarian Steroid Svnthesis: The Acquisition o f Cholesterol

All steroidogenic tissues utilise cholesterol for steroid synthesis. There are three 

immediate sources o f cholesterol for steroidogenic cells (summarised in Figure 1.2):

de novo synthesis, whereby cholesterol is synthesised from acetate (2 -carbon) 

precursor via a number o f intermediary enzymatic steps, o f which 3-hydroxy-3- 

methylglutaryl co-enzyme A reductase (HMG-Co A reductase: EC. 1.1.1.34) is the 

rate-limiting enzyme

(2) from lipoproteins such as HDLs and LDLs (reviewed in Grummer and Carroll, 1982)

(3) from intracellular cholesteryl ester (CE) stores.

The amount o f substrate available in the CE pool is dependent upon the rates o f de novo 

synthesis, and cholesterol uptake by the cell. The uptake o f cholesterol from lipoproteins 

is the principal means by which the adrenal glands, ovaries, testes and placenta acquire 

steroidogenic substrate for several species, including humans. The storage o f CE is 

controlled by the activities o f acyl Co A cholesterol acytransferase (AC AT: EC.2.3.1.16), 

and cholesterol esterase (EC.3.1.1.13), which liberate free cholesterol from lipid storage 

droplets according to the cholesterol requirements o f the cell (Flint and Armstrong, 1972).
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Figure 1.2. Schematic representation of cholesterol synthesis in a steroidogenic 

cell (see text for details)
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Steroidogenic tissues may synthesise cholesterol intracellularly via HMG-CoA 

reductase, in de novo synthesis. However, HMG-CoA reductase activity is regulated by 

lipoprotein cholesterol such that de novo cholesterol synthesis is inhibited by lipoproteins 

at their physiological concentrations in luteal cells (Schuler et al., 1981; Savion et al., 

1982; Pate and Condon, 1989). Moreover, de novo cholesterol synthesis has been shown 

to occur only when lipoprotein-associated cholesterol is severely limited (Mason and 

Rainey, 1987).

1.2.1 Plasma lipoproteins

Lipids are transported in the blood in lipoproteins, o f which there are four major 

classes (Table 1.1). Mature plasma lipoproteins are generally spherical particles o f which 

the surface layer is composed o f phospholipids (mainly phosphatidylcholine). 

Phosphatidylcholine consist o f a glycerol backbone with two fetty acyl chains orientated 

toward the centre o f the particle, and a phosphorylcholine attached at the third position. 

Embedded within the surface are molecules o f cholesterol (with their polar groups pointing 

towards the water), and specific protein moieties, termed apolipoproteins. Plasma 

lipoproteins vary in their relative lipid content, size and protein content (Table 1.2). Each 

class o f lipoprotein has its own metabolic origin and fate, and undergoes a complex 

metabolic interplay with other circulating lipoproteins, both in the vascular compartment, 

and extravascular fluid filled spaces.

Table 1.1. Major lipoproteins and their constituents
LIPOPROTEIN

CLASS*

DENSITY 

RANGE (g/1) COMPOSITION (% by weight)

PROTEIN TRIGLYCERIDE CHOLESTEROL 

FREE ESTER

PHOSPHOLIPIDS

Chylomicrons <0.98 1-2 85-95 1-3 2-4 3-6

VLDL 0.98-1.006 6-10 50-65 4-8 16-22 15-20

LDL 1.006-1.063 18-22 4-8 6-8 45-50 18-24

HDL 1.063-1.21 45-55 2-7 3-5 15-20 26-32

Abbr: VLDL: very low-density lipoproteins; LDL: low-density lipoproteins; HDL: high-density lipoproteins

34



Table 1.2. Properties and functions of the major apolipoproteins

APOLIPOPROTEIN
PLASMA

CONCENTRATION

(approximate

mg/lOOml)

MOLECULAR 

WEIGHT (kDa) 

(approximate)

KNOWN FUNCTION

AI 6-160 28.5 Activation of LCAT,

An 20-55 17.4 Activation of hepatic lipase

Ain ? 2 2 Unknown

AIV 15 44.5 Lipid transport (?)

B48 0 - 2 264 Secretion of chylomicrons

Bioo 60-160 550 Secretion of VLDL, 

receptor mediated LDL uptake

Cl 3-11 6 Co-factor with LCAT (?)

CII 1-7 9 Activation of lipoprotein lipase

cm 3-23 9 Inhibition of hepatic uptake 

of VLDL and chylomicrons

D 6 - 1 0 33 LCAT reaction (?)

E 2 - 6 34 Hepatic clearance of chylomicron 

remnants and IDL, 

cellular lipoprotein uptake

H 2 0 43-54 Triacylglycerol metabolism (?)

J (Clusterin) 1 0 70 Lipid transport (?),

(a) 1 - 1 0 0 300-700 Inhibitor of fibrinolysis (?)

(Adapted from Mackness and Dumngton, 1995)

Abbreviations: LCAT: lecithin acyltransferase; VLDL: very low-density lipoprotein;

EDL: intermediate-density lipoprotein
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Cholesteryl esters and triglycerides are the more hydrophobic lipids, and form the 

non-polar lipid core o f the particle. These form a central droplet to which the surface layer 

o f phospholipids, cholesterol and protein(s) are anchored (Figure 1.3).

apolipoprotein

Phospholipid

POLAR
SURFACE

COAT

Unesterified
Cholesterol

apolipoprotein

apolipoprotein

NONPOLAR 
LIPID CORE

Cholesteryl 
Ester

Triglyceride

Figure 1.3. The basic structure of a lipoprotein particle

1.2.2. Lipoprotein metabolism

The metabolism o f plasma lipoproteins is summarised in Figure 1.4. The 

lipoproteins are in a dynamic state with continuous synthesis and degradation, 

accompanied by rapid exchange o f lipid and protein components between particles. The 

major sites o f synthesis are the intestine and liver. At various stages in the metabolic cycle 

three enzymes (i) lipoprotein lipase (LPL: EC.3.1.1.34), (ii) lecithin-cholesterol 

acyltransferase (LCAT: EC.2.3.1.43) and (iii) ACAT, regulate the delivery, storage and 

mobilisation o f lipoprotein-associated cholesterol.
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1.2.2.1. The metabolism o f chylomicrons and very-low density lipoproteins VLDLs

The major triacylglycerol-carrying lipoproteins are the chylomicrons and VLDLs 

(Figure 1.4). Chylomicrons transport the bulk o f dietary fat from the small intestine, 

whereas VLDLs transport triacylglycerol (TG) endogenously synthesised in the liver, to 

peripheral tissues (Yang et al., 1995; Wiggins and Gibbons, 1996). Newly synthesised 

chylomicrons contain apolipoproteins B48, which participates in the assembly o f intestinally 

derived chylomicrons, AI, involved in the assembly o f VLDLs in the liver, and AIV (Boren 

et al., 1994) (See Table 1.2).

As chylomicrons move from lymph to plasma they acquire apo-CI, CII and E from 

HDL particles in the circulation (Jong et al., 1995). The apo-CII interacts with the 

enzyme LPL which catalyses the hydrolysis o f the TG core releasing its fatty acids, which 

are subsequently taken up by various tissues (Schaefer et al., 1978). As TG is lost from 

the chylomicron its volume decreases, and phospholipids, cholesterol and apoAI, AIV and 

CII are shed from the particle surface in the form o f discs which are thought to be 

precursors o f HDLs (Redgrave and Small, 1979). The resultant particles, known as 

chylomicron remnants, are removed from the circulation by the liver, via apoE receptors.

VLDLs are synthesised and secreted by hepatocytes as TG-rich particles containing 

primarily apoBioo, E and C, and are metabolised similarly to chylomicrons. They acquire 

some apoCII from HDLs, which results in the hydrolysis o f TG, and the subsequent loss o f 

phospholipids and cholesterol. The resultant remnant particles are termed intermediate- 

density lipoprotein (IDLs), which are enriched in apoBioo and E (Bilheimer et al., 1972; 

Eisenberg et al., 1973). IDLs are removed from the circulation by the interaction o f apoE 

with the LDL receptor on hepatocytes (Sigurdson et al., 1975), or may be converted to 

LDLs by further action o f LPL (Figure 1.4).
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Figure 1.4. Simplified schematic representation of lipoprotein metabolism

Trigylceride containing chylomicrons secreted by the intestine are hydrolysed by LPL 
forming remnants, which are removed from plasma by interaction with apoE receptors 
expressed by the liver. VLDLs secreted by the liver are hydrolysed by LPL to LDLs via 
formation o f IDLs, both o f which can interact with apoE/B,oo receptors expressed by liver 
and peripheral tissues. HDL apolipoproteins are secreted by the liver and intestine and 
interact with phospholipids, cholesterol and apolipoproteins shed from the surface o f other 
lipoproteins to form discoidal HDLs. Cholesterol is esterified by LCAT and moved to the 
centre o f the particle forming spherical HDL] and HDL3 particles (see text for details). 
The green arrows denote metabolic conversions, which may generate discoidal HDL 
particles (? mechanism unknown)
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1.2.3. Low-densitv lipoproteins (LDLs)

Cholesterol rich LDLs are formed by the action o f LPL on VLDL particles, and 

transport cholesterol to peripheral tissues. LDLs are the principal cholesterol transporters 

in human plasma, and contain a single apo Bioo as the sole apoprotein on their surface 

(Eisenberg, et al., 1973). Lipophilic antioxidants o f plasma including a-tocopherol, lutein, 

a - and P-carotene, are located in the core o f the LDL particles, although a-tocopherol 

may also be in the surface monolayer. These antioxidants protect the polyunsaturated fatty 

acids (PUFAs) o f the phospholipids constituting the surfece monolayer, from oxidative 

stress in vivo (reviewed in Esterbauer et al., 1993 and 1995). The distribution and delivery 

o f cholesterol are mediated by specific binding o f LDL particles to the apo Bioo/E receptor 

present on the surfece o f hepatocytes and extrahepatic tissues.

1.2.3.1. Low-densitv lipoprotein uptake

LDLs are taken up by cells via receptor mediated endocytosis, which is regulated 

according to the cholesterol requirements o f the cell (Figure 1.5) (Brown and Goldstein, 

1984). The LDL receptor is a glycoprotein comprised o f 839 amino acids, which form 

five protein domains (Brown and Goldstein, 1986). The internalisation o f apoBioo 

containing lipoproteins, o f which LDLs predominate, is mediated by specific interactions 

between the apoBioo moiety and two cysteine-rich, negatively charged regions o f the first 

domain o f the LDL receptor (Brown and Goldstein, 1984 and 1986).

The number o f receptors present on the cell membrane is dependent upon the 

degree o f accumulation o f intracellular cholesterol, which suppresses transcription o f the 

LDL receptor (Brown and Goldstein, 1984; Foster et al., 1993). The LDL-receptor 

complex migrates to a specialised area o f endocytosis contained in clathrin-coated pits 

within the plasma membrane. This leads to invagination o f the pits and closure o f the 

necks to form coated endocytotic vesicles (Goldstein and Brown, 1986). The clathrin 

dissociates and many vesicles can fuse to form larger endosomes. ATP-dependent proton 

pumps in the vesicle membranes, lower the pH internally such that the LDL-receptor 

con^lex dissociates and the receptors are recycled to the cell surface. The endosome 

fiises with a primary lysosome containing hydrolases, which degrade LDLs to their 

monomeric constituents, amino acids and free cholesterol. The free cholesterol available 

to the cell is precisely regulated by three co-ordinated reactions.
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The rate limiting enzyme for cholesterol biosynthesis, HMG-CoA reductase is 

suppressed. The synthesis and distribution o f LDL receptors on the cell surface is also 

suppressed and, microsomal ACAT is activated (Brown and Goldstein, 1984), resulting in 

the estérification o f excess free cholesterol which, due to its hydrophobic nature, forms 

cholesteryl ester storage droplets in the cytoplasm.

The LDL receptor pathway

cholesteryl
ester

lysosomal
hydrolysis

regulatory
actions

LDL binding internalisation

ACATapoB-100
nudeus I

cholesterol

amino
acids

cholesterol
ester

LDL 
receptors

^ LDL receptor synthesis 

^ HMG-CoA reductase

receptor recycling

Figure 1.5. Schematic demonstrating The LDL receptor cycle

The schematic shown above illustrates the uptake o f LDL particles by the apoBioo/E 
receptors contained in clathrin coated pits (see text for details). The lysosomal 
degradation of the LDL particles ultimately results in the release o f free cholesterol, which 
is the signal by which the cholesterol content o f the cell is regulated. This occurs by the 
co-ordinated actions of; (i) HMG-CoA reductase, which becomes repressed, (ii) LDL 
receptor synthesis, which is suppressed and (iii) ACAT activity, which is activated, 
converting surplus free cholesterol to cholesteryl esters which are stored in lipid droplets in 
the cell.
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The uptake o f lipoproteins via the LDL receptor serves a dual role in lipid 

homeostasis. It delivers cholesterol required for maintenance o f cellular functions, and 

regulates the concentration o f cholesterol-rich lipoproteins in the circulation. In support o f  

the latter, patients vyith familial hypercholesteraemia, lack the LDL receptor activity due to 

LDL receptor gene defects, and thus have increased circulating cholesterol-rich 

lipoproteins (Goldstein and Brown, 1989). Hypercholesteraemia and severe atherosclerosis 

are also demonstrated in the receptor deficient Watanabe heritable hyperlipidaemic rabbit 

(Tanzawa et al., 1980), and in LDL receptor knockout mice (Ishibashi et al., 1993).

Since the elucidation o f the role o f the LDL receptor in lipoprotein metabolism, 

several cell surface receptors have been identified which exhibit structural similarities to 

the LDL receptor, and together comprise the LDL receptor superfamily (Willnow, 1999, 

and references therein). At present the LDL receptor superfamily comprises eight 

members identified in mammalian and non-mammalian species (Table 1.3):

Table 1.3. Receptors comprising the LDL receptor superfamily

Receptors expressed in 

mammalian tissues

Receptors expressed in 

non-mammalian tissues

Low density lipoprotein receptor

Very low density lipoprotein receptor

Low density lipoprotein receptor-related protein

Apolipoprotein E receptor-2

glycoprotein 330/Megalin

ChickenWitellogenin receptor 

Drosophila melanogaster Y1 protein 

Caenorhahditis elegans receptor

All the receptors defined exhibit similar structural features, including those required to 
perform functions as an endocytic receptor. The structural organisation and gene defects 
o f the receptors in the LDL receptor superfemily have been extensively reviewed 
(Willnow, 1999, and references therein)
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1.2.4. High-densitv lipoproteins (HDLs")

HDLs are the most heterogeneous class o f lipoproteins containing several 

subclasses o f lipoproteins. HDL2 and HDL3 are the major subfractions present in most 

species (Grow et al., 1978). HDL subclasses are usually defined in terms o f their hydrated 

densities which allows HDLs to be further divided into three subclasses, HDLia, HDLzb 

and HDL] (Duverger et al., 1993). Using afiBnity immunoabsorption, with selected 

antibodies to apoAI and A ll, HDLs can also be classified on the basis o f their 

apolipoprotein composition, into apoAI and AQ containing subclasses (Cheung and 

Albers, 1984). Alternatively, HDL subclasses may be defined by their composition o f 

other apolipoproteins including apoE, and AIV.

The different components o f HDLs arise from various tissues (Eisenberg, 1984), 

whereby the liver and intestine are the major sources o f the apolipoproteins. HDLs 

synthesised and secreted by the small intestine are rich in apoAI (Eisenberg, 1984), 

whereas the major HDL protein found in liver perfiisates is apoE (Glass et al., 1983). 

Discoidal HDL particles comprised mainly o f apolipoprotein AI and phospholipids, with 

little cholesterol have been described (Eisenberg, 1984). It has been suggested that the 

components o f these discoidal particles become associated in body fluids rather than being 

assembled and secreted by cells. The discoidal HDL precursors are transformed into 

spherical particles, by the accummulation o f esterified cholesterol within their lipid core.

The metabolism o f HDLs is regulated by LCAT activity, and the plasma lipid 

transfer proteins; cholesterol ester transfer protein (CETP) and phospholipid transfer 

protein (PLTP) (Lagrost et al., 1996). HDL particles provide sites o f cholesterol 

estérification in plasma, through the actions o f LCAT. LCAT is complexed to and 

activated by apoAI (Sparks et al., 1995; Sorci-Thomas et al., 1997 and 1998), resulting in 

the transfer o f the unsaturated fatty acid from phosphatidylcholine (lecithin) to cholesterol. 

Apo AI residues 146-160 and 220-242 are involved in LCAT activation, and the 

cooperative interactions between its helices and LCAT may be important for cholesterol 

estérification (Lindholm et al., 1998).

In vivo CETP activity promotes net mass transfer o f cholesteryl esters and other 

neutral lipids from HDLs to apoB-containing lipoproteins (Barter and Rye, 1994). The 

mechanism o f action o f CETP requires two steps. Firstly, two distinct positively charged 

amino acid residues Lys233 and Arg2S9, interact with negative charges on the lipoproteins, 

essential for binding o f CETP to lipoproteins (Jiang et al., 1995; Martin et al., 1997;
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Masson et al., 1997). Secondly, CETP either deposits or retrieves neutral lipid molecules, 

to or from the lipoprotein particles (Barter and Rye, 1994).

PLTP is a 80 kDa protein with 20% sequence homology to CETP, which transfers 

phospholipids among lipoprotein particles during HDL remodelling (Rao et al., 1997), and 

is thought to modulate HDL-associated LCAT and CETP activités (Tall, 1995). PLTP 

has been shown to mediate the transfer o f phospholipids from apoB-containing lipoprotein 

undergoing lipolysis, to HDLs (Tall et al., 1995). In the process, PLTP has been shown to 

convert large HDL3 particles to smaller particles (Tu et al., 1993; Albers et a l, 1995), 

including the pre^-HDLs (Jiang et a l ,  1996; Von Eckardstein et ah, 1996). The en2ymes 

associated with HDL metabolism and remodelling (reviewed in Navab et al., 1998) 

include:

(i) paraoxonase: a calcium-dependent, HDL-associated ester hydrolase that catalyses the 

hydrolysis o f organophosphates, and also cleaves lipid peroxides, thought to be o f 

importance to the protective fimction o f HDLs in atherogenesis (Mackness et a l ,  

1996; Nevin et al., 1996)

(ii) aromatic carboxylic acid esters and platelet activating frictor-acetyl hydrolase (PAF- 

AH): a phospholipase A2 that hydrolyses short-chain acyl groups and longer chained 

aldehydes esterified to the sn^l position o f phospholipids (Ho et al., 1997; Cao et a l ,

1998). It is thought that PAF-AH in HDLs protects against minimally modified LDLs 

by destroying biologically active lipids, via the hydrolysis o f active oxidised 

phospholipids (Stremler et al., 1991; Watson et a l ,  1995b).

(iii) endothelial-derived lipase (EL): a member o f the TG lipase family which displays 

homology with lipoprotein Hpase (45%), hepatic lipase (40%), and pancreatic lipase 

(27%). EL is expressed in vivo in many organs including the placenta, where it 

displays substantial phospholipase activity and appears to modulate HDL metabolism 

(Jaye et a l, 1999). The physiological role o f this lipase in HDL metabolism remains to 

be elucidated.

While LDLs are associated with cholesterol delivery to peripheral tissue, HDLs are mainly 

associated with reverse cholesterol transport (RCT), whereby excess cholesterol is taken 

up from tissues by HDLs, and returned to the liver for removal from the circulation. RCT
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involves the active transport o f esterified cholesterol by HDLs fi*om tissues that actively 

synthesise or take up cholesterol, to the liver (reviewed in Fielding and Fielding, 1995 and 

1997).

1.2.4.1. High-densitv lipoprotein receptors

HDL binding proteins have been identified on the plasma membranes o f many cells 

types including fibroblasts (Biesbroeck et al., 1983; Graham and Oram, 1987), hepatocytes 

(Bachorik et al., 1982), macrophages, adipocytes (Barbaras et al., 1990) and steroidogenic 

tissues (Chen et al., 1980). The purifying and cloning o f these elusive receptors has led to 

the identification o f candidate HDL receptors, including HDL binding protein (HBP) 

(Mcknight et al., 1992; Chiu et al., 1997), HDL binding protein: (HB:) (Matsumoto et al.,

1997), and the scavenger receptor, class BI (SR-BI) (Acton et al., 1996).

SR-BI was identified by its homology to the CD-36 scavenger receptor (Calvo et 

al., 1993), and by its ability to bind modified LDL particles (Acton et al., 1994). SR-BI 

shows high-affinity binding o f both native LDLs and HDLs in transfected Chinese hamster 

ovary (CHO) cells (Acton et al., 1996; Stangl et al., 1998). SR-BI also mediates selective 

lipid uptake firom HDLs in the ovarian cells o f humans (Azhar et al., 1998a), rats (Reaven 

et al., 1995 and 1998), and by human adrenocortical cells (Temel et al., 1997; Rigotti et 

al., 1997). Both CD36 and SR-BI mediate HDL-cholesteryl ester uptake, however SR-BI 

shows a greater efficiency o f cholesteryl ester uptake (Connelly et al., 1999). SR-BI has 

also been shown to act as a mediator o f cellular cholesterol efflux in transfected CHO cells 

(Ji et al., 1997; Jian et al., 1998; de Llera-Moya et al., 1999). However, in steroidogenic 

tissues, SR-BI expression and selective lipid uptake fi*om HDLs is regulated by trophic 

hormones (Landschulz et al., 1996; Rigotti et al., 1996; Li et al., 1998) via cAMP second 

messenger systems (Azhar et al., 1998a).

In mediating cholesterol flux between HDL particles and the cells, SR-BI is 

thought to mediate alterations to membrane cholesterol domains associated with enhanced 

bi-driectional flux o f cholesterol between cells and extracellular cholesterol acceptors (de 

la Llera-Moya et al., 1999; Graf et al., 1999). Cell fi-actionation and immunofluorescence 

methods have revealed the co-purification o f SR-BI with cholesterol and glycoprotein-rich 

plasma microdomains termed caveolae (Babitt et al., 1997; Graf et al., 1999). Caveolae 

are thought to constitute a reversible plasma membrane pool o f CE directly involved in 

cholesterol trafficking (Fielding and Fielding, 1995; Graf et al., 1999).
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Identification o f an alternatively spliced gene variant o f SR-BI, termed SR-BII, 

which also mediates lipid transfer between HDLs and cells has been described (Webb et 

aL, 1997 and 1998). The SR-BII mRNA constitutes up to 30% o f total SR-BI gene 

expression in murine tissues, and SR-BII mediates cholesterol transfer with four times less 

efficiency than SR-BI (Webb et al., 1998). The physiological relevance o f this 

alternatively spliced SR-BI receptor remains to be elucidated.

1.2.5. Reverse cholesterol transport

Reverse cholesterol transport (RCT) describes the pathway by which cholesterol in 

extrahepatic tissues is transported fi-om peripheral tissues via the plasma to the liver, where 

it is either recycled or excreted in bile (Pieters et al., 1994; Barter and Rye, 1996). There 

are four steps in RCT; (1) the effiux o f cholesterol from the cell membranes to HDLs, (2) 

the estérification o f cholesterol taken up by HDLs, via LCAT activity, (3) the transfer o f 

cholesteryl esters to other plasma lipoproteins via CETP, and (4) the delivery o f 

cholesteryl esters to the liver.

In the presence o f lipoprotein acceptors, free cholesterol distributed in endocytotic 

vesicles within the Golgi network, and transient lipid domains in the plasma membrane, 

mediate cholesterol transfer to extracellular acceptors (reviewed in Fielding and Fielding, 

1995 and 1997). This transfer o f cholesterol is thought to be mediated by caveolae, which 

are increased at the rate with which cholesterol is delivered to the plasma membrane 

(Smart et al., 1996). At present the lipid-poor prep-HDL particles (Barrans et al., 1996) 

are thought to be the primary acceptors in the first stage o f RCT.

1.2.6. Intracellular cholesterol transport

Cholesterol generated by de novo synthesis in the endoplasmic reticulum, or 

released from cholesteryl ester cytoplasmic droplets, is transported into the mitochondrion, 

for pregnenolone synthesis. Firstly, cholesterol is transported from its site o f mobilisation 

to the outer mitochondrial membrane. It is then translocated from the outer fece o f the 

outer membrane, to the inner face o f the inner mitochondrial membrane i.e., across the 

intermitochondrial membrane space (the physical rate-limiting step in steroid synthesis). 

Due to the insolubility o f free cholesterol in aqueous medium, it is assumed that 

cholesterol is transported in association with a protein(s).
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Candidates for the cholesterol transport protein have included the 14 kDa sterol 

carrier protein 2 (SCP2), which transfers cholesterol from lipid droplets to the mitochondia 

in adrenal cells (Vahouny et al,, 1987), and the steroidogenic activator peptide (SAP): a 

3.2 kDa cytosolic protein (Pedersen and Brownie, 1987). The cytoskeleton has been 

shown to play a role in intracellular cholesterol transport as demonstrated by the use o f 

antimicrobial drugs, and microfilament inhibitors in the ovary o f the rat (Carnegie and 

Tsang, 1988; Hall, 1995) and pig (Danisova and Kolena, 1991).

The peripheral benzodiazepine receptor (PER), is also thought to be involved in 

the transfer o f cholesterol across the mitochondrial membranes. PER expression has been 

localised to the outer mitochondrial membrane in steroidogenic tissues (Erown, 1995; 

Papadopoulos et al., 1998), and PER agonists have been shown to stimulate 

intramitochondrial transport and pregnenolone synthesis in isolated mitochondria 

(Amsterdam and Suh, 1991; Ear-Ami et al., 1991; Gavish, 1995), by increasing the density 

o f PER receptors, and endogenous ligands (Lacor et al., 1999).

1.2.6.1. Steroidogenic acute regulatorv (StARl protein

Steroidogenic acute regulatory (StAR) protein, has been shown to play an essential 

role in facilitating the transfer o f cholesterol across the intermitochondrial membrane space 

in tissues o f the ovary (reviewed in Stocco, 1997; Cok et al., 1997; Arakane et al., 1998a), 

and adrenal glands (Cherradi et al., 1997). This short half-life protein is synthesised on the 

cytoplasmic ribosomes in response to hormone stimulation as a 37 kDa protein, and 

phosphorylated prior to translocation through the mitochondrial membranes (Stocco and 

Chen 1991). As the protein passes through to the inner membrane it is processed to its 

mature form by cleavage o f its NHz-terminal mitochondrial targetting sequence (Stocco 

and Clarke, 1996 and 1997; Arakane et al., 1998a), resulting in the 30 kDa protein. It has 

been proposed that during the passage o f this protein through the intermembranal space, 

contact sites form between the two membranes, which allows the passage o f cholesterol 

through to the inner mitochondrial membrane. Recombinant His-tag StAR stimulates 

pregnenolone synthesis in a dose-dependent manner in mitochondria isolated from bovine 

CL (Arakane et al., 1998b).
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1.2.6.2. Sterol regulatorv element binding proteins

Studies o f the LDL receptor gene have led to the purification and cloning o f the 

transcription factors termed, sterol regulatory element binding proteins (SREBPs) 

(reviewed in Brown and Goldstein, 1997). SREBPs (-la , -Ic, -2) regulate the 

transcription o f genes involved in intracellular cholesterol synthesis (Guan et al., 1997), 

LDL receptor synthesis, fatty acyl synthesis (Magana et al., 1997), and trigylceride 

synthesis (Ericsson et al., 1997).

The SREBPs are synthesised as 125 kDa precursor proteins tethered to the 

endoplasmic reticulum (ER) via two transmembrane domains. A decrease in intracellular 

sterol concentrations, determined by the regulatory pool o f the ER, results in activation o f  

the Site-1 protease (SIP), which is regulated by a SREBP cleavage activating protein (Hua 

et al., 1996). A second cleavage occurs via the Site-2 protease (S2P), resulting in the 

release o f the amino terminal domain o f SREBP (Rawson et al., 1997). The mature 68 

kDa SREBP translocates to the nucleus, and binds to sterol regulatory elements (SREs) in 

the promoter regions o f target genes, activating transcription (Kim et al., 1995; Athaniker 

et al., 1998). In addition to SREBP, transcriptional activation requires nuclear factors 

(Oliner et a l ,  1996; Dooley et al., 1998; Ericsson et a l ,  1998; Jackson et a l ,  1998), 

which interact directly with SREBP, and enhances its binding to DNA. While the 

importance o f SREBPs in sterol homeostasis in the ovary is unknown, the formation o f 

mature SREBPs is stimulated by androgens (Swinnen et a l ,  1997), supporting hormonal 

regulation o f these binding proteins.

Oxysterols (hydroxylated cholesterol derivatives and oxidised cholesteryl ester 

derivatives) have been isolated fi*om LDL and fi-om the artery wall (reviewed in Cox and 

Cohen, 1996). Recent studies suggest that oxysterols activate nuclear hormone receptors 

and transcription fectors including the steroidogenic factor-1 (SF-1) (Lala et a l ,  1997), 

playing an important role in cellular cholesterol homeostasis. SF-1 is expressed in 

steroidogenic tissues including the adrenal glands, ovaries and testes, where it is thought to 

be involved in the regulation o f steroid synthesis, via cholesterol metabolism. The 

cholesterol 21-hydroxylase reporter gene has been shown to be activated by both SF-1 and 

oxysterols (Lala et a l ,  1997). In contrast to this finding, a more recent study revealed that 

25-hydroxycholesterol was unable to activate SF-1 (Mellon et a l ,  1998). However, these 

authors suggested that oxysterols are specific ligands and nuclear hormones for new 

classes o f genes, which are as yet unidentified.
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1.3. Steroid Biosynthesis

The synthesis o f all steroid hormones starts with the enzymatic cleavage o f 

cholesterol (C27), resulting in the formation o f the C21 steroid, pregnenolone (Figure 1.6). 

Cholesterol is cleaved by the cytochrome P450 cholesterol side chain cleavage enzyme 

[(P450cscc), EC: 1.14.15.6] located on the inner fece o f the inner mitochondrial membrane 

(Simpson et al., 1979). The conversion o f cholesterol to pregnenolone is performed in 

two stages, each catalysed by the P450cscc. The first step involves the hydroxylations o f 

carbon positions 20 and 22, followed by the cleavage o f the 6-carbon firagment, isocaproic 

acid (Burstein and Gut, 1971; Voutilainen et al., 1986). Thus, P450cscc functions as an 

oxidase by receiving electrons fi-om NADPH, via an electron transfer system localised in 

the inner mitochondrial membrane. The electrons fi-om NADPH are transferred to the 

P450cscc via the FAD-containing flavoprotein, ferrodoxin reductase and the iron-sulphur 

protein ferrodoxin (Tuckey et al., 1997). The P450cscc cDNA and gene have been cloned 

(Chung et al., 1986; Morohashi et al., 1987), and is hormonally regulated in human 

adrenal glands (DiBlasio et al., 1987; Inoue et al., 1988; Sparkes et al., 1991) and ovarian 

tissues (Golos et al., 1987b). Pregnenolone leaves the mitochondrion, and passes to the 

smooth endoplasmic reticulum where it is acted upon by the enzyme 3 p-hydroxysteroid 

dehydrogenase [(3P-HSD) EC: 1.1.1.145], which also has 3-ketosteroid isomerase 

activity (Lorence et al., 1990; Albrecht and Daels, 1997; Bao et a l ,  1997; Conley and 

Bird, 1997; Mason et al., 1998). The dual fimction 3P-HSD, catalyses the oxidation o f  

pregnenolone at carbon-3, and the isomérisation o f the bond to A'̂  resulting in the 

formation o f pregn-4-ene-3,20-dione (progesterone). The purification o f 3p-HSD fi-om 

human placenta microsomes (Thomas et a l ,  1989) termed type I 3P-HSD, enabled the 

cDNA for 3p-HSD to be characterised, by screening against a human placental expression 

library. The cDNA for type I 3P-HSD encodes a 372 aa protein, with a molecular weight 

o f 42kDa (The et a l ,  1989). The type I 3P-HSD enzyme has been shown to be transiently 

expressed in many tissues including the human adrenal glands and gonads (Lorence et a l ,

1990). A type II 3P-HSD was isolated firom human adrenal tissues (Rheaume et a l ,

1991), which shares 90% sequence with the type I enzyme and is expressed mainly in 

steroidogenic tissues (Labrie et a l ,  1994 and 1997).
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Figure 1.6. Principal pathways of human ovary steroidogenesis

Cholesterol is converted to pregnenolone by the P450cscc, via 20a- and 22a- 
hydroxylation, and the cleavage o f €20,22 (reaction 1). Pregnenolone is converted to 
DHEA via 17-OH-pregnenolone by P450cl7 via hydroxylase (reaction 3) and 17,20 lyase 
(reaction 4) activities. Pregnenolone, 17-OH- pregnenolone and DHEA are converted to 
progesterone, 17-OH-progesterone and androstenedione respectively by 3p-HSD via 
dehydrogenation and A5, A4 isomerase activities (reaction 2). Androstenedione is 
converted to testosterone by 17p-HSD, a 17-ketosteroid reductase (reaction 5). 
Aromatisation o f androgens to oestrogens occurs via the P450 aromatase enzyme complex 
(P450 aro) (reaction 6) (see text for details).
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While progesterone is the main secretory steroid o f the CL, both pregnenolone and 

progesterone may undergo 17a-hydroxylation in the smooth endoplasmic reticulum, 

followed by cleavage o f the c l 7,20 carbon bond yielding dehydroepiandrosterone (DHEA) 

and androstenedione respectively (Voutilainen et al., 1986; McAllister and Hornsby, 

1988). These reactions are mediated by the cytochrome P450 (P450cl7) which has dual 

17a-hydroxylase and Cl 7,20-lyase enzymatic activities (Albrecht and Daels, 1997; Conley 

and Bird, 1997), and receives electrons via the membrane bound flavoprotein, cytochrome 

P450 reductase (Nakajin et al., 1981).

In Leydig cells o f the testis, androstenedione [(Cl 9) a weak androgen] is converted 

to testosterone (a more potent androgen), by the type III 17P-hydroxysteroid 

dehydrogenase [(17P-HSD), EC: 1.1.1.209] (reviewed in Peltoketo et al., 1999). 

However, in the primate ovary and placenta, androstenedione is converted to oestrone (a 

weak oestrogen), by the cytochrome P450 aromatase enzyme [(P450arom), EC: 1.14.13] 

encoded by the CYP19 gene (Nelson et a l ,  1993). This enzyme catalyses the formation o f 

the phenolic A-ring characteristic o f the oestrogens (Simpson et al., 1994; Albrecht and 

Daels, 1997; Fitzpatrick et al., 1997). The type I 17p-HSD present in these tissues 

converts 17-ketosteroids to 17P-hydroxysteroids, thus oestrone is converted to 17P- 

oestradiol (a potent oestrogen) (Ghersevich et al., 1994), which is also the main circulating 

oestrogen.

The specificity o f type I 17p-HSD in human granulosa cells (Nokelainen et al., 

1996; Puranen et al., 1997a and b) indicates that in the follicular granulosa cells, 17P- 

oestradiol is mainly synthesised fi-om androstenedione via oestrone production 

(Sawetawan et al., 1994). This is further supported by studies which have shown that 

human thecal cells secrete 10 times more androstenedione than testosterone (McNatty et 

al., 1979; Hillier et al., 1991). The type I 17p-HSD was originally isolated from human 

placenta, since then six isozymes have been described in humans (Deyashiki et al., 1995; 

Jomvall et al., 1995), each differing in their substrate and co-factor specificities (Peltoketo 

et al., 1999 and references therein).
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1.3.1. The two cell-two gonadotropin hypothesis

During follicular development, the theca and granulosa cells are involved in 

follicular oestrogen biosynthesis, thought to be regulated by the two-cell, two- 

gonadotrophin model (McNatty et al., 1979; Hillier et al., 1984 and 1994). LH initially 

stimulates P450cl7 gene expression, and the subsequent stimulation o f androgen 

formation in the thecal cells via the steroidogenic pathway described (section 1.3). The 

stimulation o f androstenedione in response to LH appears to be modulated by intraovarian 

factors and endocrine feedback from the granulosa cells, whereas FSH regulates oestrogen 

biosynthesis from androstenedione in granulosa cells. Oestrogen inhibits the enzymes 

involved in thecal androgen production (negative feedback), whereas intraovarian peptides 

such as inhibin and the insulin-like growth factors (IGF), stimulate thecal enzymes activités 

(Hernandez et al., 1989; Hillier et al., 1991). The factors regulating oestrogen synthesis 

by the two-cell, two-gonadotrophin model are have been extensively reviewed (Ehrmann 

et al., 1992; Hillier et al., 1994).

During ovulation and lutéinisation initiated by the LH surge, the cells o f the 

ruptured follicle reorganises to form the corpus luteum. The transcription o f human genes 

encoding the steroidogenic enzymes responsible for the synthesis o f progesterone, i.e., the 

P450cscc (Sparkes et al., 1991) and 3P-HSD (Lorence et al., 1990), is increased by LH. 

Moreover, the enzymes responsible for oestrogen synthesis, induced by FSH, are down- 

regulated.

1.4. Second Messenger Pathwavs Involved in the Regulation o f Luteal Function

The glycoprotein hormone receptors which bind LH and FSH are coupled to G- 

proteins (Themmen et al., 1994), which couple to an effector, thus generating intracellular 

signals via second messengers. Receptors associated with G-proteins share a common 

tertiary structure, comprised o f seven transmembrane domains. The N-terminal o f the 

receptor lays outside the cell whilst the C-terminal is located in the cell cytosol (reviewed 

in Spiegel et al., 1992; Devivo and Iyengar, 1994). The G-protein is thought to bind the 

third cytosolic loop o f the receptor which is postulated to confer G-protein specificity to 

each coupled receptor (Kubo et al., 1988).
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A G-protein is a heterotrimer conçosed o f dissimilar a -, P-, and y-subunits. In the 

resting state, the three subunits are associated as one complex, with the guanine 

nucleotide-binding region o f the a-subunit, occupied by guanidine diphosphate (GDP) 

(Figure 1.7). Following, hormone-receptor binding, the G-protein complex is activated 

resulting in the displacement o f GDP by guanindine triphosphate (GXP). This displacement 

results in the dissociation o f the GTP-bound a-subunit from the py heterodimeric subunit, 

and the subsequent binding o f the a-GTP subunit to the effector, where it mediates the 

generation o f a second messenger. The intrinsic GTPase activity o f the a-subunit 

hydrolyses the GTP to GDP on the a-subunit which then reassociates with the py subunit 

returning the G-protein complex to its resting state (Devivo and Iyengar, 1994; 

Bimbaumer and Bimbaumer, 1995).

LH and human Chorionic Gonadotrophin (hCG) interact with a common receptor 

termed the LH receptor, and therefore stimulate the same signal transduction mechanisms 

involved with progesterone synthesis in luteal tissues (Themmen et al., 1994). On the 

binding o f LH to its receptor, the G-protein coupled to the receptor becomes activated 

(Bimbaumer et al., 1992), resulting in the activation o f adenylyl cyclase [(AC), 

EC: 4.1.6.1]. Both AC and the phospholipase C (PLC) systems are activated via the 

binding o f different G-proteins, Gs (Mattera et al., 1986; Kozasa et al., 1988; Europe- 

Finner et al., 1997), and Gq/n (Lopez-Bemal et al., 1995; Rajagopalan-Gupta, 1999) 

respectively. The subscript o f the G-protein a-subunit denotes the specific effector to 

which it couples, and the specific signal transduction pathway activated (AHgeier et al., 

1994). Gonadotrophin and hormone receptors are coupled to AC by one o f two G- 

proteins, Gs and Gi, which mediate stimulation and inhibition o f AC activity respectively 

(Lopez-Bemal et al., 1995). Gs and Gi are thought to exist in an equilibrium, which is 

displaced by the liberation o f the p,y-subunit complex following stimulation o f either Gs or 

Gi (Devivo and Iyengar, 1994). To date, mammals have nine differentially regulated 

isoforms o f G-protein responsive transmembrane spanning adenylyl cyclases (Fazia et al.,

1997). In addition, a soluble AC activity has been described in the mammalian testis, 

which is insensitive to G-protein regulation, and has a lower affinity for ATP than the 

transmembrane ACs (Braun et al., 1977).
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1.4.1 Cyclic adenosine-3\ 5’-monophosphate -dependent protein kinase A pathway

The cyclic adenosine-3’, 5’-monophosphate (cAMP) stimulated protein kinase A 

[(PKA), EC: 2.7.10] pathway is the major signalling system stimulated by LH in ovarian 

tissues (Marsh, 1971). Cyclic AMP is generated by the membrane bound AC which on 

activation catalyses the hydrolysis o f ATP into cAMP and pyrophosphate, and promotes 

the cyclation o f the remaining phosphate group to the adenosine ring (Fazia et al., 1997). 

Once formed, cAMP exerts its actions by activating cytoplasmic PKA (Lalli and Sassone- 

Corsi, 1994). Cyclic AMP is subsequently hydrolysed by a cyclic nucleotide 

phosphodiesterase, which converts cAMP into its inert 5’AMP derivative. Several 

isozymes o f cAMP phosphodiesterase exist, each possessing different affinities for cAMP 

(Beavo, 1988).
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Figure 1.7. Generation of cyclic adenosine-3% 5’- monophosphate (cAMP) upon 

LH binding and G-protein activation (see text for details).
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PKA exists as a tetrameric protein, consisting o f two catalytic subunits (C) and two 

regulatory subunits (R) (Nishizuka et al., 1986 and 1992). The R subunits function as a 

pseudosubstrate inhibiting the activity o f the C subunits. The binding o f two molecules o f 

cAMP to each C subunit results in dissociation o f the C subunits and their migration to 

cellular compartments, where they phosphorylate cytoplasmic and nuclear substrates 

(reviewed in Tamai et al., 1997). This results in the activation o f transcriptional factors 

including the cAMP-response element binding proteins (CREB) (Hagiwara et al., 1993; 

Delmas and Sassone-Corsi, 1994; Fazia et al., 1997). CREB interacts with the cAMP 

response enhancer element (CRE) found in the promoters o f several cAMP-responsive 

genes, to activate transcription o f the enzymes required for steroidogenesis (Tamai et al.,

1997), including those encoding the P450cscc and 3P-HSD enzymes. To date, four types o f  

PKA regulatory subunits and three PKA catalytic subunits have been described (Nishizuka 

et al., and 1992) allowing the possible formation o f 12 PKA enzymes.

The activation o f PKA by LH is the major signalling pathway for progesterone 

synthesis in most species. LH and hCG exert stimulatory effects on progesterone synthesis 

by activating AC, and increasing intracellular cAMP levels in luteal tissues o f the human 

(Soto et al., 1986; Yong et al., 1992; Purger et al., 1996; Azhar et al., 1998a), cow (Davis 

et al., 1986; Alila et al., 1988), rat (Massicotte et al., 1984; Davis et al., 1986; Reaven et 

al., 1994), and pig (Allen et al., 1988). The involvement o f cAMP in mediating the 

actions o f LH and hCG, are supported by increases in luteal progesterone production 

stimulated by the cell permeable cAMP analogue, dibutyryl cAMP and the AC activator, 

forskolin (Golos et al., 1986 and 1987a; Reaven et al., 1995; Azhar et al., 1998a). Other 

signalling pathways activated by LH including the phospholipases C and D, and the protein 

kinase C pathways which may also mediate the actions o f LH (and other hormones) on 

luteal progesterone synthesis. These pathways shall be briefly discussed.
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1.4.2. Phospholipase C pathway

To date, three isoforms o f phospholipase C (PLC; EC: 3.1.4.3) exist (PLC-P, 

PLC-y, and PLC-ô) (reviewed in Rhee and Choi, 1992), that are coupled to receptors via 

the G-protein, Gq (Joseph, 1985; Taylor and Merritt, 1986). The activation o f PLC 

results in the generation o f multiple second messengers through the subsequent hydrolysis 

o f phosphatidic acid, resulting in the formation o f diacylglycerol (DAG) (reviewed in 

Steele and Leung, 1993; Leung and Wang, 1989). All three enzymes catalyse the 

hydrolysis o f the sn-Z phosphodiester bond o f the phosphatidylinositides, 

phosphatidylinositol (PI), phosphatidylinositol-4-monophosphate (PIPi) and 

phosphatidylinositol-4,5-bisphosphate (PIP2) (Figure 1.8), generating DAG and inositol-1- 

monophosphate (IPi), inositol-1,4-bisphosphate (IP2) and inositol-1,4,5-trisphosphate 

(IP3) respectively (Crooke and Bennett, 1989).

IP3 binds to specific subcellular receptors resulting in the release o f calcium fi-om 

intracellular calcisomes (Taylor et aL, 1992). The mobilisation o f calcium stores is a signal 

for many cellular responses, including the activation o f protein kinase C (PKC; EC: 2.7.1), 

and other calcium ion dependent kinases and enzymes. The DAG generated by PLC 

activity also stimulates PKC activity, which subsequently phosphorylates and activates 

cellular proteins. DAG may be hydrolysed by DAG lipase resulting in the generation o f 

arachidonic acid, another second messenger (described in section 1.4.5). Stimulation o f 

phosphoinositide hydrolysis activates PKC by increasing intracellular calcium 

concentrations, with concomitant increases in DAG levels. DAG stimulates the 

translocation o f PKC fi*om the cytosol to the membrane, and stimulates PKC activity by 

increasing the sensitivity o f PKC to calcium (Berridge, 1987; Leung et aL, 1989). IP3 

generated from PIP2 by the action o f PLC binds specific receptors on the endoplasmic 

reticulum resulting in the mobilisation o f intracellular calcium stores, the major source o f 

calcium ions (Ca^^ (Figure 1.8). Intracellular Câ  ̂ concentrations are also increased by 

the opening o f integral membrane calcium channels, and influx o f Câ  ̂ ions into the cells 

(Berridge, 1987; Taylor et aL, 1992).
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The binding o f GnRH receptors in the ovary has been shown to stimulate PLC 

activity (Leung and Wang, 1989). Radiolabelled phospholipids, PA and PI have been 

incorporated into luteal cells following gonadotrophin stimulation (Naor and Yavin, 1982; 

Leung et aL, 1986), with GnRH-induced release o f intracellular calcium (Davis et aL, 

1986; Wang et aL, 1989). The addition o f calcium ionophores to granulosa cells, mimic 

the effect o f GnRH on steroidogenesis (Leung et aL, 1988).

56



1.4.3. Calcium dependent- protein kinase C Pathway

There are at least eleven isoforms o f PKC which vary in their requirement for 

phospholipids, DAG and Câ  ̂ for activation, substrate specificity, and biological response 

(Nishizuka et al., 1986 and 1992; Selbie et aL, 1993; Liu, 1996; Breuiller-Fouche et aL,

1998). The conventional PKC isoforms; a , pi, p il, and y, are activated by DAG, which 

increases their sensitivity to intracellular Câ ,̂ concentrations. Both IP3 and DAG are 

required for the physiological response o f conventional PKC isoform, which are active 

only in the presence o f Câ  ̂ and the co-fector phosphatidylserine. However, the novel 

PKC isoforms; e, 6, r|, 0, and p, are Ca^^-independent (Nishkawa, 1995), and the activities 

o f the atypical isoforms Ç, X, and x, are both DAG and Ca^^-independent (Hussain and 

Abdel-Latif, 1996).

PKC resides in the cytosol in its inactive state, with its active site occupied by a 

region o f the regulatory domain acting as a pseudosubstrate. Calcium ions bind the 

regulatory domain such that the enzyme translocates to the membrane where it interacts 

with phosphatidylserine and undergoes a conformational change, which exposes the active 

site to intracellular proteins (Huang et aL, 1986). The distribution o f PKC between the 

cytosol and membrane is thought to be a measure o f PKC activity (Kraft and Anderson; 

1983; Nishizuka, 1986). If PKC resides at the membrane for prolonged periods, then the 

enzyme becomes irreversibly down-regulated, due to activation o f proteases which digest 

the enzyme protein (Abayasekara et aL, 1993).

PKC has been measured in the ovarian tissue (Clarke et aL, 1985), although its role 

in ovarian steroidogenesis is not fully understood. The DAG-sensitive isoforms o f PKC 

can be activated by tumour-promoting phorbol esters, which show physical homology to 

DAG, and exert their biological action by binding the DAG-sensitive regulatory region o f  

PKC, increasing the enzyme affinity for Câ ,̂ leading to enzyme activation. Phorbol 

esters, such as 4p-phorbol 12-myristate 13-acetate (4p-PMA) have been used acutely to 

stimulate PKC activity, with subsequent inhibition o f basal and LH-stimulated 

progesterone production in luteal cells o f the human (Jalkanen et al., 1987; Abayasekara et 

al., 1993), pig (Wiltbank et al., 1989; Wheeler and Veldhuis, 1989), rat (Sender Baum and 

Rosenberg, 1987) and cow (Benhaim et al., 1987). However, chronic exposure o f human 

luteal cells to 4p-PMA has been shown to down-regulate PKC, with an 90% reduction in 

enzyme activity (Abayasekara et aL, 1993), and a subsequent increase in basal
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progesterone synthesis. Low doses o f 4P-PMA enhances LH-stimulated cAMP 

accumulation and progesterone synthesis, suggesting that stimulants such as 4p-PMA, 

hCG, cAMP analogues and forskolin share a common signalling protein, stimulatory to 

both PKA and PKC (Bimbaumer and Birmbaumer, 1995).

1.4.4. Phospholipase D pathway

Phospholipase D [(PLD), EC: 3.1.4.4] is a phosphodiesterase that hydrolyses the 

terminal phosphodiester bond o f membrane phospholipids, generating phosphatidic acid 

(PA) and the head group alcohol. The principal phospholipid hydrolysed by PLD is 

phosphatidylcholine, however phosphatidylinositol and phosphatidylethanolamine may also 

be hydrolysed. The liberation o f PA and its subsequent conversion to DAG implicates the 

PLD pathway in the activation o f PKC. PA has been shown to act as a calcium ionophore, 

and as well as activating PKC, may be a potential regulator o f intracellular calcium (Shukla 

and Halenda, 1991).

The involvement o f PLD in the regulation o f luteal steroidogenesis in unclear, 

however GnRH stimulates PLD activity in the ovary (Amsterdam et aL, 1994; Liscvovitch 

and Amsterdam, 1989). Moreover, PA mimics the effect o f GnRH, and neither PLD nor 

GnRH antagonists differ in their inhibitory effects on progesterone synthesis by luteal cells.

1.4.5. Phospholipase A? pathwav: arachidonic acid metabolites

Arachidonic acid (AA) may be derived from membrane phosphoHpids by the action 

o f phospholipase Ai (PLA2), or by the action o f lipases on monoacyl- and diacylgycerols. 

The release o f AA provides substrate for three subsequent eicosanoid pathways; 

cyclooxygenase, lipoxygenase, and cytochrome P450 epoxygenase (Leung and Steele,

1992).

The oxygenation o f AA by the prostaglandin H synthases [PGHS-1, and -2; 

EC: 1.14.99 {i.e., cyclooxygenases COX-1 and COX-2)], results in the formation o f 

endoperoxides, which may be further metabolised to thromboxane, prostacyclin and a 

variety o f prostaglandins. Aspirin and indomethacin inhibit prostaglandin synthesis by 

inhibition o f PGHS and are used extensively in studies o f AA mediated intracellular 

signalling. The oxygenation o f AA by 5-, 12- and 15-lipoxygenase (EC: 1.13.11) yields 

hydroperoxy metabolites which are rapidly metabolised to hydroxy analogues (Rouzer et
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aL, 1986; Ueda et aL, 1986). The enzyme 5-lipoxygenase generates biologically active 

leucotrienes, which are involved in intracellular signalling (Puustinen et aL, 1987). The 

actions o f epoxygenase on AA generates epoxides, which are subsequently converted to 

hydroxy acids, although the involvement o f these products in PLA2-mediated intracellular 

signalling is not well understood (Voorhis et aL, 1993).

In the ovary, there is evidence suggesting increased PLAz activity in the signal 

transduction pathways involved with hormone synthesis. GnRH-stimulated progesterone 

synthesis is associated with an accumulation o f AA in rat granulosa cells (Minegishi and 

Leung, 1985) and luteal tissue (Watanabe et aL, 1990; Nomura et aL, 1994). Moreover, 

the actions o f GnRH in luteal cell cultures are mimicked by both AA and PLA% (Wang and 

Leung, 1988 & 1989). The action ofPGFia is thought to occur via an accumulation o f AA 

(Watanabe et aL, 1990), which may be generated by either the PLC or PLAz pathways. 

Cooperative coupling o f the two pathways to the PGFza receptor has been suggested by 

the accumulation o f both AA and IP3 in luteal cells (Watanabe et aL, 1990).

The inhibition o f luteal progesterone production using the lipoxygenase inhibitor 

nordihydroguaiaretic acid (NDGA), suggests that the products o f lipoxygenase-stimulated 

AA metabolism, have been implicated in luteal progesterone production in the human 

(Feldman et al., 1986), rat (Reich et aL, 1983; Wang and Leung, 1988; Mikuni et aL,

1998), and cow (Milvae et aL, 1986),

1.4. Hormonal Control o f Luteal Function

Progesterone production by luteal tissue is controlled by different hormones, which 

can be broadly categorised as luteotrophins and luteolysins, which stimulate or inhibit 

luteal steroidogenesis respectively (Hillier and Wickings, 1985; Richardson, 1986). The 

principal luteotrophin is LH, which like FSH, hCG, ACTH and thyroid-stimulating 

hormone (TSH) are members o f the glycoprotein hormone family. These hormones are 

heterodimers sharing a common a-subunit o f molecular weight 15 kDa. These 

glycoproteins have dissimilar p-subunits which differ in structure and molecular mass 

conferring specificity to each hormone (Pierce and Parsons, 1981).

59



1.5.1. Luteotrophins

The luteotrophic nature o f LH has been demonstrated in women whereby 

subcutaneous administration o f a GnRH antagonist during the mid-luteal phase decreased 

the LH concentration in serum by 40%, with concomitant decreases in both oestradiol and 

progesterone concentrations (Mais et aL, 1986). The administration o f LH following 

hypophysectomy sustains luteal fimction in women (Van de Wiele et aL, 1970), the rhesus 

macaque (Moudgal et aL, 1972; Hutchinson and Zeleznik, 1984 & 1985), and sheep 

(Kaltenbach et aL, 1968). Moreover, the administration o f LH antiserum reduced 

progesterone concentrations in bovine (Simmons and Hansel, 1964) and sheep plasma 

(Fuller and Hansel, 1970). These studies indicate that the luteotrophic action o f LH is 

required for normal luteal function in both primates and non-primate species.

While LH appears to be the main endocrine stimulus in primates, non- 

gonadotrophic luteotrophins include prolactin (PRL), oestradiol, growth factors and 

prostaglandin Ez (PGEz) (Hillier and Wickings, 1985; Richardson, 1986). In the absence 

o f PRL, LH is not sufiBcient to sustain the survival o f the rat CL. However, LH binding is 

up-regulated in the pregnant rat CL by PRL, and PRL related hormones (Grinwich et aL, 

1976; Gibori et aL, 1978), thus emphasising the requirement o f PRL for luteal 

steroidogenesis and function.

A luteotrophic role for PGEz has been described in the human (Dennefors et aL, 

1982; Hahlin et aL, 1988) and bovine (Shelton et aL, 1990; Tsai et aL, 1996; Sharif et aL,

1998) CL. Moreover, luteotrophic actions o f PGEz have been demonstrated in luteinised 

human granulosa cells (McNatty et aL, 1975; Veldhuis et aL, 1987) and luteal cells o f the 

rhesus macaque (Stouffer et aL, 1979), rat (Thomas et aL, 1978) and hamster (Yang et 

aL, 1998).

1.5.2. Luteolvsins

In ruminants, the physiological luteolysin synthesised and secreted from the uterus 

is prostaglandin Fza (PGFza) (reviewed in Horton and Poyser, 1976; Auletta and Flint, 

1988). To support this theory, the administration o f PGFza antiserum in cycling ewes 

disrupts the luteolytic process (Scaramuzzi et aL, 1973; Fairclough et aL, 1981). 

Moreover, administration o f PGFza analogues induces luteolysis in CL o f the rat (Jordan, 

1981) and sheep (Flint and Sheldrick, 1985).
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In humans the luteolytic mechanism is poorly understood. While the human CL is 

known to contain PGFia (Shutt et al., 1976; Swanston et al., 1977), this is not thought to 

be synthesised by the uterus, as hysterectomy has been shown to have no effect on luteal 

function in humans (Beiling et al., 1970; Doyle et al., 1971), or in the rhesus macaque 

(Neill et al., 1969). It has been suggested that the luteolytic trigger arises from within the 

CL itself (Auletta et al., 1984). In support o f this theory, administration ofPGFzahas been 

shown to induce transient (Wentz et al., 1973; Coudert et al., 1974) and permanent luteal 

regression (Auletta et al., 1984) in primates. In contrast to the luteolytic effects ofPGFza, 

infusion o f analogues o f PGF2a, have been shown to have no effect on circulating 

progesterone levels in humans (Le Maire and Shapiro, 1972; Karim and Hillier, 1979; 

Hamberger et al., 1980). Despite its general role in the demise o f the CL, PGF2a has been 

shown to stimulate progesterone production by human luteal cells (Richardson and 

Masson, 1980; Endo et al., 1992; Maas et al., 1992), and by dispersed luteal cells o f the 

marmoset monkey (Webley et al., 1989; Michael et al., 1993 and 1994). The luteolytic 

actions o f PGF20 may be one mechanism by which the CL fimctionally regresses, an 

alternative is autonomous luteal function (reviewed by Rothchild, 1981).

1.6 . Autonomous luteal function

It has been hypothesised that progesterone is secreted from the CL for a fixed 

period dependent only upon conception. In keeping with this hypothesis, Rothchild (1981) 

suggested that progesterone inhibits the estérification and storage o f intracellular 

cholesterol, resulting in increased steroid synthesis. However, studies on the macaque CL, 

have shown that LH is required to maintain progesterone synthesis during the luteal phase 

(Fraser et al., 1987). As the CL requires LH for maintenance, the progressive decrease in 

LH plasma concentrations during the luteal phase lead to the alternative hypothesis, that 

the CL regresses due to decreased LH support (Baird et al., 1985). Baird, (1985) 

suggested that decreased LH or progesterone production would result in increased 

production and secretion o f LH, due to decreased negative feedback mechanisms to the 

pituitary, resulting ultimately in increased LH support o f the CL. However, it has also 

been postulated that the decrease in LH may increase the susceptibility o f the CL to other 

luteolytic agents or mechanisms (section 1.5.2). At present, the precise mechanism(s), 

which initiates luteal regression is unknown.
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1.7. Structural and Functional Changes Associated with Luteolvsis

Regression o f the CL is characterised by functional changes including the loss o f 

gonadotrophin receptors (Pang and Behrman, 1981), decrease in cAMP production 

(Thomas et aL, 1978) and the activation o f PLC (described in section 1.4.2) (Leung et aL,

1986). Such changes ultimately result in decreased progesterone synthesis and secretion. 

Structural changes include membrane breakdown, indicated by decreased membrane 

fluidity (Carlson et aL, 1982; Greenhalgh, 1990; Riley and Behrman, 1991b) with an 

increase in PLA2 activity (Sawada and Carlson, 1991) and a loss in hCG binding (Gatzuli 

et aL, 1991). The activation o f PLA2 leads to the formation o f superoxide radicals (Zallen 

et aL, 1998) and reactive oxygen species (ROS) which are implicated in luteal regression 

(reviewed in Carlson et aL, 1993). The generation o f free radicals including ROS and their 

involvement in luteal regression is further discussed below.

1.8 . Free Radical Generation

Free radicals are essential to many biological systems (reviewed in Rice-Evans and 

Bruckdorfer, 1992), including the highly reactive ferryl species which are utilised at the 

active sites o f cytochrome P450 and peroxidase enzyme systems (Kuehl et aL, 1977). 

Free radicals can be generated during eicosanoid metabolism i.e., cyclooxygenase activity 

(Lands, 1979), during the respiratory burst o f neutrophils and macrophages (Babior, 1978; 

Leake and Rankin, 1990) and from other cell types including fibroblasts, mesangial, smooth 

muscle and endothelial cells (Jones et aL, 1991; Cross and Jones, 1991) via an NADPH 

oxidase.

The primary free radical in most oxygenated biological systems is the superoxide 

radical (O2" ) which exists in equilibrium with its protonated form, the hydroperoxyl 

radical (HO2 ). However, radicals such as the superoxide radical are generated in part by 

modest leakages from the electron transport chains o f mitochondria and the endoplasmic 

reticulum. Although O2" is relatively unreactive, it may be converted in biological systems 

to more reactive species such as peroxyl (ROO ) and hydroxyl (HO ) radicals.

Superoxide dismutase, present in all aerobic cells, reduces O2" ' to hydrogen 

peroxide (H2O2). H2O2 is generally unreactive but can become toxic when reacted with 

transition metal ions generating hydroxyl radicals, or may be activated by haem proteins
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forming ferryl radicals. The major intra- and extracellular target for free radical species are 

proteins (reviewed in Dean et aL, 1997), DNA constituents, and unsaturated acyl 

components o f lipids and lipoproteins (Rice-Evans and Bruckdorfer, 1992).

1.8.1. Free radical mediated lipid peroxidation

The peroxidation o f PUFAs o f membrane lipids and lipoproteins is a result o f 

cellular injury in which free radical intermediates are produced in excess o f local defence 

mechanisms (Halliwell, 1993). Lipid peroxidation is initiated by a primary free radical 

species with sufficient reactivity to abstract a hydrogen atom from a ethylene (-CH2-) 

group o f an unsaturated fatty acid termed first chain initiation (Figure 1.9).

The presence o f a double bond in the fatty acid weakens the (- CH-) bond adjacent, 

making the abstraction o f a hydrogen atom easier. The newly formed carbon radical 

becomes stabilised by molecular rearrangement to form conjugated dienes, which show 

strong UV absorption at 234nm. Conjugated dienes can undergo various reactions; they 

can cross-link fatty acid chains or can combine with oxygen to from a peroxyl radical, 

ROO . Peroxyl radicals may abstract a hydrogen atom from another lipid molecule or 

adjacent fatty acid chain, leading to the propagation stage o f lipid peroxidation. The 

carbon radical formed can react with another peroxyl radical during the propagation phase 

and the peroxyl radical can abstract another hydrogen ion, yielding a lipid hydroperoxide. 

The lipid hydroperoxides may be decomposed in the presence o f transition metal ions (the 

decomposition stage), resulting in the formation o f a variety o f products including the 

aldehydes, 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA),and ketones, which 

can modify protein components leading to free-radical mediated protein modification. The 

termination o f lipid peroxidation can occur by the scavenging o f free radicals species, or by 

the interaction o f two reactive lipid species, to form a non-reactive molecule.
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Figure 1.9. Schematic representation of initiation and propagation reactions 

of lipid peroxidation (see text)
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1.8.2. Oxidation o f LDLs

The oxidative modification o f LDLs are currently understood to play an important 

role in the development o f atherosclerosis (reviewed in Steinberg, 1997; Spiteller, 1998). 

Many studies suggest that oxidative modification o f LDLs, is linked to lipid peroxidation 

(described in section 1.8.1). LDL oxidation is initiated by fi’ee radical species in vivo, and 

in vitro (Cushing et al., 1990; Aviram and Fuhrman, 1998), and by fi*ee radical-generating 

compounds such as 2-amidinopropane hydrochloride (AAPH), or transition metal ions. In 

vitro kinetic experiments measuring compositional changes in LDLs have shown three 

consecutive phases o f lipid peroxidation (reviewed in Abuja and Esterbauer, 1995). 

Initially, lipid peroxidation proceeds at a low rate as antioxidants contained within LDLs 

inhibit the reaction; this is termed the lag phase (Esterbauer et aL, 1989; Cadenas and 

Sies, 1998), the length o f which is determined by the presence o f antioxidants. The 

antioxidants which scavenge the initiating fi*ee radicals, gradually become depleted, thus 

the propagation phase rapidly accelerates (Figure 1.9). The propagation phase is then 

followed by the third phase, termed the decomposition phase (Esterbauer et al., 1995)

LDL particles rich in PUFAs are more readily oxidised that those containing 

monounsaturated or saturated &tty acyl groups. Cholesterol is converted to oxysterols, 

and the PUFAs present in cholesteryl esters, phospholipids and triglycerides are all subject 

to oxidation. The C3-C6 aldehydes and ketones generated from oxidation can become 

conjugated to other lipids or to apoBioo (Esterbauer et al., 1987 and 1995). 

Malondialdehyde (MDA), a common aldehyde generated during oxidation, can form a 

Schiff base with the amino groups o f lysine residues, which can result in cross-linking 

between lipids and proteins, or between lipid molecules (Steinbrecher et al., 1987; 

Haberland et al., 1988). Despite the presence o f  extracellular antioxidants, such as 

ascorbate and uric acid (Abuja, 1999), LDLs do undergo oxidation in vivo (reviewed in 

Aviram and Fuhrman, 1998). The lipoprotein fraction extracted from human and rat 

atherosclerotic lesions contains oxidised LDLs as determined by their ability to bind 

scavenger receptors (Yla-Herttuala et al., 1990) and by immunohistochemistry utilising 

antibodies specific to oxidised LDL (Palinski et al., 1989).

Mildly oxidised LDLs can be taken up, by the native LDL receptor (described in 

section 1.2.3.1) and by scavenger receptors present on macrophages, at a rapid rate 

sufficient to cause cholesterol accumulation (Basu et al., 1979). However, fully oxidised 

LDLs are no longer a ligands for the native LDL receptor, and are taken up by scavenger
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receptors such as the scavenger receptor A (SR-A), present on macrophages and certain 

cell types such as fibrobleists. Oxidised LDLs recognised by the LDL SRA receptor, have 

40-50% o f their reactive lysine groups masked (Haberland et aL, 1982; Steinbrecher et aL,

1987), thus explaining their shift in receptor specificity. The uptake and degradation o f 

oxidised LDLs by peritoneal macrophages in SR-A gene deficient mice, is 30% that o f 

macrophages fi*om wild-type animals (Ling et aL, 1997; Lougheed et aL, 1997; Van 

Berkel et aL, 1998). To date, two naturally occuring splice variants o f the human SR-A 

gene have been described, termed SR-AII and SR-Ain (Gough et al., 1998).

Another scavenger receptor is the lectin-like oxidised LDL receptor (LOX-1), a 

type n  membrane protein with an extracellular C-type lectin domain cloned fi-om human, 

bovine, mouse and rat endothelial cells (Nagase et aL, 1997; Sawamura et aL, 1997; 

Hoshikawa et aL, 1998). The cloned LOX-1 genes have between 57-59% sequence 

homology with the LDL receptor gene, and have a higher aflSnity for oxidised rather than 

acetylated LDLs (Nagase et aL, 1997; Hoshikawa et aL, 1998). In contrast to the 

scavenger receptors described, a novel endocytic scavenger receptor expressed by human 

endothelial cells (SREC) has been described, which preferentially binds acetylated rather 

than oxidised LDLs (Adachi et aL, 1997). Macrophage receptor expression is up- 

regulated in the presence o f oxidatively modified LDLs (Han and Nicholson, 1998; 

Yoshida et aL, 1998). Thus, oxidised LDLs are thought to activate the expression o f 

nuclear hormone binding transcription factors (Nagy et aL, 1998), involved in the 

induction o f macrophage scavenger receptor gene expression.

Minimally oxidised LDLs are a potent inhibitor o f LCAT activity (Bielicki et aL, 

1996), which suggests that LDL oxidation/products o f oxidation may affect HDL- 

cholesterol metabolism by directly inhibiting LCAT activity, or by influencing the 

conformation o f apo AI.
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1.8.3. Oxidation o f HDLs

HDLs were shown to be carriers o f low levels o f lipid hydroperoxides in human 

plasma (Bowry et aL, 1992). It has been suggested that HDL lipids may be oxidised in 

preference to LDLs, thus reducing the susceptibilty o f LDLs to oxidation (Gamer et aL, 

1998; Ohmura et a l, 1999). HDL-associated paraoxonase (PON) is thought to exert a 

protective effect over HDL oxidation (Aviram et aL, 1998) and LDL oxidation in vitro, in 

a dose-dependent manner (Cao et aL, 1999). In support o f this, HDLs isolated from 

PONl-knockout mice were found to be more susceptible to oxidation, compared to wild- 

type mice (Shih et aL, 1998), thus PON knockouts were found to be more susceptible to 

atherosclerosis. More recently, the protective effects o f HDLs over LDLs are thought to 

occur independent o f PON esterase activities, or the genetic polymorphisms o f PON (Cao 

et aL, 1999; Mackness et aL, 1999).

Other studies have demonstrated antioxidant effects o f HDL on LDL oxidation 

under calcium-ion free conditions, and using delipidated HDL fractions, or HDL- 

phospholipid fraction only (Graham et aL, 1997). While much evidence exists supporting 

a role for PON as the antioxidant mechanism o f HDLs, HDLs do appear to exert inhibitory 

effects on LDL oxidation in vitro, which are independent o f paraoxonase activity.

The oxidation o f HDLs in vitro with copper ions has been shown to increase its 

lipid hydroperoxide content, enhancing the negative charge o f this particle, and also leads 

to aggregation o f the apolipoproteins AI and A ll (Sakai et al., 1992). Although the 

oxidation o f LDL particles in vivo is well defined, the oxidation o f HDLs in vivo is less 

clear. It is now thought that the oxidation o f HDLs may contribute to the atherogenic 

process by limiting their capacity to accept cholesterol from cell membranes (Delattre et 

aL, 1993; Ueyama et al., 1998).

Superoxide-mediated and iron catalysed formation o f hydroxyl radicals can rapidly 

and irreversibly inactivate PAF-AH (Ambrosio et aL, 1994). Since PAF-AH displays 

antioxidant properties by hydrolysing oxidised lipids (Stremler et aL, 1991; Watson et aL,

1995), the inactivation o f PAF-AH by oxygen radicals may increase the susceptibility o f  

the HDL particles to biologically active lipids.
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1.9. Antioxidant mechanisms

1.9.1. Extracellular antioxidant defences

Extracellular antioxidants have the role o f intercepting propagating free radical 

reactions, and removing delocalised transition metal ions or haem proteins. The major 

plasma antioxidants include ascorbate, albumin, urate, bilirubin, caeruloplasmin, 

transferrin, haemopexin and haptoglobin (haem removing antioxidants). The lipid soluble 

antioxidants transported with lipoproteins include the tocopherols (a , P, and y) and the 

carotenoids (Table 1.4) (Rice-Evans and Bruckdorfer, 1992).

Table 1.4. M ajor antioxidants defences in human plasma

Antioxidant [Plasma cone] Function (s)

Albumin [50-60 mg/ml]* binds Cû  ̂ and Fê  ̂ ions, absorbs hypochlorite 

(Halliwell, 1993)

Ascorbate [34-111 pM]* scavenges singlet oxygen, and 'OH, O2 and HOG* A 

(Abuja, 1999)

Bilirubin major protein o f human plasma; protects albumin-bound 

PUFAs (Neuzil and Stocker, 1993), scavenges singlet 

oxygen and peroxyl radicals

Caeruloplasmin [0.2-0.4 mg/ml]* contains ferroxidase activity, converts Fê  ̂ to Fê  ̂ for 

its removal by transferrin

Haemopexin/haptoglobin binds free haem, inhibiting haem-induced peroxidation

Transferrin [1.2-2.0 mg/ml]* binds Fê  ̂for transport and delivery to cells

Urate [300-400 pM] chelates Cû  ̂ and Fê  ̂ ions, also reacts with singlet 

oxygen and ferryl haem protein radical species (Abuja, 

1999)

a-tocopherol [1 0 - 2 0  pg/ml] major lipid soluble antioxidant; reduces peroxyl radicals 

to hydroperoxides

Carotenoids {inc. a -, P-carotene, 

lutein & lycopene)

lipid soluble antioxidants; carotene quench singlet 

oxygen and scavenge free radicals

(* data from Rice-Evans and Bruckdorfer, 1992)
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1.9.1.1. a-tocopherol

On a molar basis, a-tocopherol is the major antioxidant present on the lipoprotein 

surface monolayer o f LDLs (Esterbauer et aL, 1995). Alpha-tocopherol plays a central 

role in the reduction o f Cû  ̂by lipoproteins in vitro (Esterbauer et aL, 1992; Kontush et 

aL, 1996). Its role as a reductant o f Cû  ̂ suggests that a-tocopherol has a dual role in 

Cû  ̂ mediated lipoprotein oxidation. While a proportion o f a-tocopherol scavenges free 

radicals, a significant proportion has been shown to have pro-oxidant acivity (Kontush et 

aL, 1996). The two mechanisms by which a-tocopherol are thought to display pro

oxidant activity are;

(i) The reduction o f transition metal ions to a highly active, low valency state (Liebler and 

Burr, 1992)

(ii) Propagation o f oxidation via the formation o f the a-tocopheroxyl radical (Bowry et 

aL, 1992; Liebler and Burr, 1992).

The a-tocopheroxyl radical (a-TocH *) can efficiently propagate lipid peroxidation under 

mild conditions (Bowry et aL, 1992). The reaction between a-tocopherol (a-TocH) and 

Cû  ̂is thought to have a stoichiometry o f 1 :1 , and proceeds as follows:

+ a-TocH -----► + a-TocH * + Yt

The net effect o f a-tocopherol on lipid peroxidation is determined by the balance between 

its antioxidant and pro-oxidant activities and is thus dependent upon the prevailing oxidant 

stress, to which the lipids are exposed.

1.9.1.2. Ascorbate

Ascorbate protects lipids against oxygen toxicity and lipid peroxidation by 

scavenging free radicals, and by facilitating the recycling o f lipophilic antioxidants such as 

a-tocopherol (Kagan and Tyurina, 1998). This physiological reducing agent becomes 

oxidised at carbons 2 and 3 forming dehydroascorbate via the free radical intermediate 

semi-dehydroascorbate (Washko et aL, 1992). The recycling o f ascorbate and its oxidised 

forms is required to maintain ascorbate levels in most cells. The ubiquitous selenoenzyme.
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thioredoxin reductase functions as a cytosolic ascorbyl free radical reductase which 

complements cellular ascorbate recycling (Mendiratta et aL, 1998; May et aL, 1999) by 

membrane bound NADH-dependent reductases (Washburn and Wells, 1999). Both 

ascorbate and dehydroascorbate can inhibit copper ion-induced LDL oxidation (Retsky 

and Frei, 1995; Retsky et aL, 1999), by inducing the formation o f 2-oxo-histidine, an 

oxidised derivative o f histidine which binds copper ions with a lower afSnity (Retsky et aL,

1999).

Ascorbate also has important roles in collagen and proteoglycan metabolism, 

platelet fimction, and diabetes (Seghieri et aL, 1998). Uptake mechanisms o f ascorbate 

and dehydroascorbate have not been extensively studied in different cell types. However, 

in myeloid cells and fibroblasts there is controversy as to whether ascorbate is taken up 

directly (Washko et aL, 1992 and 1993) or as dehydroascorbate (Vera et aL, 1993), or by 

both mechanisms (Welch et aL, 1995). In support o f the latter, two distinct mechanisms 

for ascorbate and dehydroascorbate uptake have recently been demonstrated in human 

lymphoblasts (Ngkeekwong and Ng, 1997).

1.9.1.3. Bilirubin

Bilirubin, the end product o f haem degradation, is present in the circulation 

complexed to albumin. Thus, bilirubin protects albumin-bound fatty acids from peroxyl 

radical mediated lipid peroxidation in vitro (Neuzil and Stocker, 1993) and functions as a 

chain-breaking antioxidant in liposomes (Stocker et aL, 1987). Conjugated bilirubin, the 

water-soluble form o f bilirubin, present in bile and human follicular fluid, is an efficient 

scavenger o f peroxyl radicals (Bayer et aL, 1992).

1.9.2. Intracellular antioxidant defence svstems

The antioxidant enzymes involved in removing ROS include the superoxide 

dismutases, catalase and glutathione peroxidases/transferase (reviewed in Mates and 

Sanchez-Jimenez, 1999).

1.9.2.1. Superoxide dismutase

Superoxide dismutase [(SOD), EC 1.15.1.1) inactivates superoxide radicals by 

catalysing the dismutation o f the superoxide radical to hydrogen peroxide. At present, 

four classes o f SOD have been described:
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(1) the copper-zinc superoxide dismutase (SOD-1) is composed o f two identical 32 

kDa subunits each containing a metal cluster with a copper and zinc atom active 

site, and is localised in the nucleus and cytoplasm (Banci et aL, 1998).

(2) manganese superoxide dismutase (SOD-2) is a homotetramer containing one 

manganese atom per subunit, that is localised in mitochondria (Weisiger and 

Fridovich, 1973; Hsieh et aL, 1998; Majima et aL, 1998). SOD-2 plays an 

important role in the inactivation o f superoxide radicals generated from the oxygen 

radical generating respiratory chain (Guan et aL, 1998).

(3) extracellular superoxide dismutase (SOD-3) is a secretory tetrameric glycoprotein 

possessing both a copper and zinc atom in its active site. SOD-3 activity is 

localised in the extracellular compartment and has been measured in interstitial 

spaces and extracellular fluids including plasma, lymph, and synovial fluids (Adachi 

and Wang, 1998) and accounts for most o f the SOD activity. In mammalian 

tissues, SOD-3 is thought to be regulated by cytokines (Buschfort et aL, 1997).

(4) nickel superoxide dismutase (SOD-4) purified from the cytosolic fraction o f 

Streptomyces sp. It is composed o f four 13.4 kDa subunits containing a nickel 

atom, which plays a significant role in mediating the dismutation o f the superoxide 

radical to hydrogen peroxide (Youn et aL, 1996).

SOD-1, and -2  and -3  are all located in human tissues (Majima et al., 1998), o f 

which SOD-1 and -2  are the two major antioxidant enzymes located intracellularly. An 

80% decrease in SOD-2 activity in many tissues, is associated with a decrease in 

glutathione peroxidase activity (section 1.9.2.3), and decreased glutathione activity (Van 

Remmen et aL, 1999). Thus, decreased SOD-2 activity may be associated with oxidative 

stress in tissues, and is important for the development o f cellular resistance to oxygen 

radical-mediated toxicity. SOD-1 has been shown to play a significant role in ovarian 

fimction and fertility (Ho et aL, 1998; Matzuk et aL, 1998).
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1.9.2.2. Catalase

Catalase (EC 1.11.1.6) is a tetrameric protein comprised o f four tetrahedrally 

arranged 60 kDa subunits. This haem-containing enzyme contains four ferriproto- 

porphyrin groups per molecule, which bind Fê  ̂ to their active sites and are stabilised by 

one molecule o f NADPH. Catalase is present in all major organs and is especially 

concentrated in the liver and erythrocytes, where it rapidly converts hydrogen peroxide to 

water and molecular oxygen. This reaction is so efiBcient that it cannot be saturated by 

high concentrations o f hydrogen peroxide (Lledias et aL, 1998).

1.9.2.3. Glutathione peroxidase and glutathione transferases

Selenium containing glutathione peroxidase [(GPX), EC 1.11.1.19], is composed 

o f four identical 20 kDa subunits each containing one seleno-cysteine residue essential for 

enzyme activity (Ding et aL, 1998). GPX catalyses the oxidation o f glutathione (GSH), to 

its reduced form, GSSH, at the expense o f hydrogen peroxide and a variety o f 

hydroperoxides, thus protecting cells against oxidative damage. GSH is thought to reduce 

the selenium, with the reduced form o f the GSH peroxidase catalysing the reaction with 

hydrogen peroxide. The maintenance o f GSH is important for enzyme activity, thus 

oxidised glutathione is reduced to GSH by the NADPH-dependent glutathione reductase 

enzymes. These enzymes also catalyse the reduction o f mixed disulphides in which 

glutathione may be present with other compounds containing -SH- groups.

Five GPX isoenzymes have been described which are expressed ubiquitously, but 

differ in activity depending on the tissue type. These are (1) GPX-1, a cytosolic and 

mitochondrial GPX is found in most tissues (2) GPX-2, a cytosolic GPX is highly 

expressed in the gastrointestinal tract, (3) GPX-3, is found extracellularly with high 

activity in the kidney, (4) GPX-4, located in the cytosol and membrane fraction o f most 

tissues. GPX-4 is responsible for the reduction o f hydroperoxides in plasma membrane 

undergoing peroxidation and oxidised lipoproteins (Imai et aL, 1997), and (5) GPX-5, a 

selenium-independent GPX expressed in the mouse epididymus (De Haan et aL, 1998).

The glutathione transferases [(GSTs), EC 2.5.1.18] are a large family o f  

isoenzymes found in most aerobic eukaryotes and some prokaryotes. These enzymes 

activate the thiol group o f GSH, resulting in superoxide attack on the electrophilic centre 

o f the compound, and the GSH-adducts generated are exported for excretion from the 

organism. GSTs also play an important role in the transport o f hydrophobic compounds
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such as steroids, haem, and bilirubin, which bind GSTs at sites other that the catalytic site, 

(extensively reviewed in Salinas and Wong, 1999).

1.9.3. Ovarian Antioxidants

While the CL has the ability to generate a number o f ROS, ovarian tissues are 

equipped with a number o f extracellular and intracellular antioxidant defence mechanisms 

(section 1.7.3). Ascorbate, a-tocopherol and the carotenoids, present in the CL o f the 

cow (Rapoport et a/., 1998) and rat (Carlson et aL, 1993), have been shown to vary in 

concentration across the reproductive cycle (Aten et aL, 1992), and may be regulated by 

LH. Ascorbate levels are decreased following LH stimulation, with induction o f  

peroxidase activity (Agrawal and Laloraya, 1977). Prior to the LH surge, the preovulatory 

Graafian follicle is a site o f ascorbate accumulation (Luck et aL, 1995; Paskowski and 

Clarke, 1999). However following the LH surge, the intracellular ascorbate 

concentrations become depleted. Moreover, the decrease in ascorbate fi-om luteal cells has 

been shown to be correlated with increased ascorbate secretion following stimulation with 

LH (Kolodecik et aL, 1998) and PGF:» (Petrofif et aL, 1998). The lipid soluble a - 

tocopherol, which normally resides in the membrane o f plasma lipoproteins, and is present 

in the ovary, is thought to be associated with increased lipoprotein uptake, following 

vascularisation o f the CL (Aten et aL, 1994; Rapoport et aL, 1998)..

Antioxidant enzyme systems present in the ovary include the superoxide 

dismutases, catalase and glutathione peroxidase (Toft et aL, 1997). SOD-1, SOD-2, and 

SOD-3 are expressed in many tissues, including rat ovarian tissues. Although the role o f 

the superoxide dismutases in the reproductive process is unclear, these enzymes are 

thought to play a role in ovulation (Sasaki et aL, 1994; Nomura et aL, 1996; Powers et aL,

1996), and the suppression o f apoptosis induced by oxidative stress (Tilly and Tilly, 1995).

The histological analysis o f the ovaries o f SOD-1-/- knockout mice revealed that 

SOD-1 deficient males are fertile with no gross histological defects (Matzuk et aL, 1998), 

whereas SOD-1 deficient females display reduced fertility or inferility compared to wild- 

type or heteozygous knockout mice (Ho et aL, 1998; Matzuk et aL, 1998). The ovaries o f  

SOD-1 knockout mice, have been shown to have many primary and pre-antral follicles but 

few large antral follicles or CL associated with infertility (described 1.8.2.1.), and 

suppressed FSH and LH levels. The histological findings o f SOD-1 deficient female mice
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are similar to the histological findings o f FSH -/- knockout mice and activin receptor type 

II knockout mice, which suppresses FSH activity (Matzuk et al., 1995; Kumar et al.,

1997). These findings demonstrate the importance o f SOD-1 in the regulation o f FSH and 

LH, and the importance o f SOD-1 in foUiculogenesis. In contrast to SOD-1, SOD-2 -/- 

knockout mice die within the first three weeks o f postnatal (Lebovitz et al., 1996), thus 

the consequence o f SOD-2 deficiency in ovarian function is unknown.

It is thought that during the mid-luteal phase the luteal cells are protected fî om 

attack by ROS, brought about by stimulation o f the antioxidant enzymes. However, 

during luteal regression these enzymes systems may become suppressed, leading to 

elevated or uncontrolled fi’ee radical activity. The increase in radical species can attack 

membrane and lipoprotein lipids, resulting in membrane disruption, or the accumulation o f  

oxidised lipoproteins, which may interfere with luteal function.

1.10. Free Radicals and luteolvsis

Luteolysis is associated with plasma membrane changes, resulting ultimately in cell 

damage, thought to be initiated by PGF2a, the endogenous luteolytic signal in ruminants 

and the rat CL, and by oxygen radical generation (Greenhalgh, 1990; Wu et al., 1993). 

The inhibitory effects o f PGFza are mimicked by H2O2, which has been shown to interrupt 

the transfer o f cholesterol to the cytochrome P450cscc enzyme complex (Horton and 

Poyser, 1976; Behrman and Preston, 1989; Riley and Behrman, 1991a and b). Recent 

evidence suggests that reactive oxygen species may play an important regulatory role in 

luteal function (reviewed in De Lamirande et al., 1994; Kato et al., 1997).

Many studies indicate that ROS, including O2" ' or H2O2, may be involve in the 

luteolytic process in the CL o f humans (Endo et al., 1993), rats (Carlson et al., 1993; 

Kodaman et al., 1994) and cows (Sakka et al., 1997). The levels o f O2" ' and H2O2 have 

been shown to increase in the rat CL (Sawada and Carlson, 1988, 1991 and 1996; Riley 

and Behrman, 1991a and b), although the cellular origin o f the O2" * and H2O2 associated 

with luteolysis is unknown. While O2" is not active directly, it is thought to interrupt 

luteal function after dismutation to H2O2 (Gatzuli et al., 1991). It has been demonstrated 

that increased H2O2 uncouples the gonadotrophin receptor and blocks both hormone and 

cAMP-sensitive progesterone production in human (Endo et al., 1993) and rat (Behrman 

and Preston, 1989) luteal tissues.
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Free radical species many be generated from a number o f sources;

(i) From blood cells due to the increased vasculature during the formation o f the CL 

following ovulation (section 1 .1 .2 )

(ii) the highly reactive cytochrome P450 enzymes and the mitochondrial and endoplasmic 

reticulum electron transport chains associated with ovarian steroidogenesis.

(iii) the increase in number o f leucocytes and macrophages (Best et al., 1994; Petrovska et 

al., 1992; Brannstrom and Friden, 1997, resulting in elevated concentrations o f O2" ' 

and H2O2 and other reactive species generated from the respiratory burst o f these cells 

(Babior, 1984).

With reference to the latter, it has been demonstrated that, as well as being 

triggered by pathogens, the respiratory burst o f macrophages can be stimulated by 

arachidonic acid (Witztum, 1994). In non-steroidogenic tissues, the production o f O2" ' 

and H2O2 have been measured in immune-associated macrophage activation. Interleukin-1, 

thought to be involved in the luteolytic mechanism, stimulates O2" ' and H2O2 release by 

activated macrophages following tissue injury (Best et al., 1994, Ward et al., 1987). 

Whether such effects occur during luteal regression are unknown. Carlson et al., (1993), 

postulated that macrophages and leucocytes may contribute to the luteolytic process by 

generating ROS, which inhibit the synthesis o f progesterone accumulation during 

functional regression.

In contrast to the direct effects o f ROS on progesterone production, lipid 

peroxidation o f membrane lipids could affect mechanisms essential for lipoprotein uptake 

or lipoprotein-associated cholesterol uptake, and hence steroidogenesis. In human 

endothelial cells, LDL endocytosis is impaired by exposure o f cells to oxidants (Poumay 

and Ronveaux-Dupal, 1988). Studies performed on porcine luteal cells have shown that 

H2O2 suppresses LDL endocytosis (Brannian et al., 1995b). Moreover, these authors 

suggested that LDL-endocytosis or metabolism may be a specific site o f oxidant-induced 

suppression o f progesterone synthesis.

The elevated concentrations o f ROS during luteolysis coupled with the presence o f 

plasma lipoproteins, suggests that lipoproteins present in the CL may be susceptible to
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lipid oxidation. Thus, oxidatively modified lipoproteins may contribute to the suppression 

o f progesterone synthesis and the demise o f the CL. In support o f this, alternative uptake 

mechanisms have been demonstrated in luteal cells for both native and acetylated LDLs in 

luteal cells o f the macaque (Brannian and Stouffer, 1991; Brannian et al., 1991) and pig 

(Brannian, 1995a and b). In fiirther support o f lipoprotein modification, lipid peroxidation 

epitopes to malondialdehyde and 4-hydroxynonenal (products which reflect and contribute 

to the oxidation o f LDLs) have been detected during the lifespan o f the porcine CL 

(Brannian et al., 1997). However, at present, effects o f oxidised lipoproteins or lipid 

products upon the human CL are unknown.

1.11. Lipoproteins and steroidogenesis

1.11.1. Low-densitv lipoproteins in steroidogenesis

LDL-associated cholesterol is considered the primary substrate for adrenal and 

ovarian steroidogenesis (Strauss et al., 1981). Receptor-mediated LDL uptake has been 

described in cells o f the adrenal glands o f the mouse (Faust et al., 1977; Kovanen et al., 

1979), and rat (Anderson and Dietschy, 1978; Reaven et al., 1986), with corresponding 

increases in steroid synthesis. In these tissues, the steroidogenic response to LDLs, are 

regulated by adrenocorticotrophic hormone (ACTH) (Kovanen et al., 1979 and 1980). In 

the human foetal adrenal gland, the steroid response to LDLs are regulated by both ACTH 

and cAMP (Carr et al., 1980)

Consistent with a role for LDLs in luteal steroidogenesis, LDLs have been shown 

to stimulate progesterone synthesis by luteinised granulosa cells in humans (Simpson et al., 

1980; Carr et al., 1981a, 1981b and 1982; Soto et al., 1984; Golos et al., 1986; Enk et al., 

1987; Parinaud et al., 1987; Volpe et al., 1991; Richardson et al., 1992), rats (Schreiber et 

al., 1980), cows (Savion et al., 1981; Bao et al., 1995), and pigs (Rajkumar et al., 1988; 

Brannian et al., 1995). In luteal cells o f the human CL, LDL receptor expression is 

regulated by both LH and cAMP (Soto et al., 1984; Golos and Strauss IB, 1986; Golos et 

al., 1987). Moreover, the decrease in progesterone production by the regressing porcine 

CL is concomitant with loss o f LDL utilisation and LDL receptors (Brannian et al., 

1995a).
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1.11.2. High-densitv lipoproteins in steroidogenesis

The utilisation o f HDL cholesterol in steroid synthesis has been most convincingly 

demonstrated in the steroidogenic tissues o f the rat (Strauss et al., 1981). In this species, 

HDLs are the main circulating plasma lipoprotein, and are therefore the preferred 

extracellular substrate utilised for steroid synthesis (Anderson and Dietschy, 1978; 

Gwynne and Strauss, 1982). HDLs have been shown to stimulate progesterone 

production in a saturable dose-dependent manner by rat granulosa cells (Schuler et al., 

1981; Schreiber et al., 1985) and dispersed rat luteal cells (Azhar et al., 1981; Azhar and 

Menon, 1981; Schuler er a/., 1981; NcNamara eft?/., 1981).

Increases in progesterone production by HDLs have been demonstrated in 

dispersed luteal cells treated with hCG/LH or dbcAMP (Schuler et al., 1981; Azhar et al., 

1981; Hwang and Menon, 1983 Gibori et al., 1984; Carroll et al., 1992) and by oestrogen 

(Hwang and Menon, 1983; Gibori et al., 1984). In vivo studies have demonstrated 

increases in ovarian cholesteryl ester storage and increased plasma progesterone 

concentrations in rats infused with both rat and human HDLs (Andersen and Dietschy, 

1978; Paavola et al., 1983; Rajendran et a l ,  1985). Similarly, HDLs stimulate steroid 

synthesis by rat adrenocortical cells (Verschoor-Klootwyk et al., 1982; Gwynne and 

MahafFee, 1987), and the steroidogenic response to HDLs are regulated by ACTH 

(Gwynne et al., 1976; Kovanen et al., 1980; Verschoor-Klootwyk et al., 1982).

In contrast to the stimulatory effects, HDLs isolated from human plasma have been 

shown to inhibit progesterone synthesis by bovine (Savion et al., 1982) and porcine 

granulosa cells (Veldhuis et al., 1988 and references therein). However, HDLs isolated 

from bovine plasma or porcine follicular fluid were found to stimulate progesterone 

synthesis by the respective tissues. It was proposed that the stimulatory effects o f HDLs 

isolated from follicular fluid on progesterone production, were due to the absence o f apoE 

containing HDL particles within follicular fluid (Brown et a l ,  1989). It has since been 

postulated that apoE and apoE-containing lipoproteins may inhibit ovarian steroid 

synthesis (Wyne et al., 1989).

While a steroidogenic role for HDLs in non-primate species is well established, 

studies utilising HDLs for steroid synthesis in human steroidogenic tissues have presented 

conflicting results. In 1982, Ohashi and co-workers described saturable HDL binding sites 

on human CL membranes. Moreover, the presence o f HDLs and absence o f LDLs in 

human follicular fluid (Simpson et a l ,  1980; Perret et a l ,  1985; Volpe et a l ,  1991) have
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pron^ted investigations into HDL as cholesterol substrate for human ovarian 

steroidogenesis. However, the human CL in organ culture has been shown to be 

unresponsive to HDLs (Carr et al., 1982), and HDL3 have shown an inability to support 

progesterone synthesis by human luteinised granulosa cells (Tureck and Strauss, 1982). In 

contrast to these studies, progesterone production by human granulosa-lutein cells has 

been stimulated by total HDL subfractions (Parinaud et al., 1987; Enk et al., 1987), and 

HDL3 (Azhar et al., 1998a).

In other studies, the presence o f apolipoprotein AI and an apolipoprotein AI like 

protein in human ovarian tissue (Pascher et al., 1997), suggests that HDL particles may be 

constructed within the ovary, in addition to being obtained from the vasculature. This 

finding, together with the identification o f the SR-BI receptor (which binds HDLs), in rat 

thecal and granulosa cells (Acton et al., 1996), supports a role for HDLs in ovarian 

steroidogenesis.
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1.12. Project Aims and Justifications

Several studies describe a role for both HDLs and LDLs in non-primate species, 

although such effects on human ovarian tissue remain unclear. Many studies described the 

presence o f ROS in luteal tissues. This suggests that lipoproteins and lipid membranes 

present in ovarian tissues may be susceptible to lipid peroxidation, the formation o f which 

may exert effects on steroid hormone synthesis. This study was aimed at examining the 

effects o f HDLs and LDLs on human luteal tissues, using human granulosa cells luteinised 

in vitro, as a model for the luteinised granulosa cells o f the human CL. Moreover, the 

effects o f lipoprotein oxidation on steroidogenesis were investigated.

The main aims o f this study were to:

(i) Investigate a role for HDLs in ovarian progesterone synthesis and to propose a 

mechanism(s) by which such effects o f HDLs and LDLs are mediated.

(ii) To examine the effects o f lipid peroxidation on the steroidogenic response by 

granulosa-lutein cells to HDLs and LDLs

With respect to the aims o f this thesis, the following questions were addressed:

(1) Do plasma HDLs differ from intrafollicular HDLs?

(2) Can HDLs support basal progesterone synthesis by luteinised human granulosa cells?

(3) Which signalling pathway(s) is involved in the progesterone response to HDLs?

(4) Do prostaglandins mediate the progesterone response to HDLs or LDLs?

(5) Is there evidence o f lipid oxidation in human follicular fluid?

(6 ) What are the effects o f lipoprotein oxidation on the progesterone response to HDLs 

and LDLs?
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Chapter Two

MATERIALS AND METHODS

2.1. Chemicals and Reagents

Chemicals, and reagents used in experimental procedures were purchased from 

Sigma Chemical Co., Poole, Dorset, UK, and all organic solvents were purchased from 

Merck, Poole, Dorset, UK. Radiolabelled reagents were purchased from Amersham 

International, Bucks, UK. Other reagents used in the experimental procedures described 

in this thesis are listed below:

Central Veterinary Laboratories: 
Surrey. UK

GIBCO. Life technologies: 
Cheshire. UK

Merck. Poole. Dorset. UK:

National Diagnostic. UK: 

Packard. Herts. UK: 

Pharmacia. Upssala. Sweden: 

Serva. Germany:

Progesterone antiserum 
cAMP antiserum

Dulbeccos Modified Eagles medium
containing Ham’s F12
Earles balanced salt solution
foetal calf serum
L-glutamine
penicillin
phosphate-buffered saline 
streptomycin

activated charcoal 
cyanogen bromide
Folin and Ciocalteu’s phenol reagent 

Hydrofluor scintillant 

Ultima-Gold scintillant 

Sepharose 4B®  

dehydroascorbic acid
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2.2. Collection and storage o f follicular aspirates

2.2.1. Patients

Follicular fluids and follicular aspirates containing granulosa cells were obtained 

flrom women undergoing assisted conception at the Lister Private Hospital (Chelsea, 

London) and Hallam Women’s Clinic (Harley Street, London). All patients gave informed 

consent for collection o f cells in accordance with the Declaration o f Helsinki, and all 

procedures were approved by the local ethics committees.

Prior to oocyte collection, the patients underwent ovarian hyperstimulation by 

either a long or short protocol, depending upon their age and medical history. Patients 

were treated with a GnRH analogue, such as Buserilin™ on the first day o f the menstrual 

cycle for 3 and 10 says corresponding to the short and long protocol respectively. Human 

menopausal gonadotrophin (hMG) injections were started in addition to the GnRH 

analogue, following ultrasound scans o f the ovaries. Alternatively, the GnRH analogue 

was replaced by hMG for the short protocol. After 7 days o f injections, another scan was 

performed to assess follicle development. The appropriate dose o f human chorionic 

gonadotrophin (hCG) (10, 000 - 20, 000 lU ) was administered approximately 36h prior to 

oocyte collection. During oocyte retrieval, the oocytes were aspirated transvaginally and 

flushed with Earl’s balanced salt solution supplemented vyith antibiotics. Follicular 

aspirates were transported in sterile flasks and obtained within 5 h o f oocyte retrieval.

2.2.2. Storage o f follicular aspirates

Clear yellow follicular fluids with no evidence o f blood contamination were stored, 

following the addition o f 0.02% (w/v) butylated hydroxytoluene (BHT) in high 

performance liquid chromatography (HPLC) grade ethanol, at -70®C pending analysis. 

BHT was added to samples to prevent oxidation o f lipids while the samples were in 

storage. Aliquots o f these samples were also mixed 1:1 with 10% (w/v) metaphosphoric 

acid (MPA) in deionized water resulting in protein precipitation from the samples, thus 

stabilising the ascorbate/dehydroascorbate present in the samples. The tubes were 

centrifuged at 850 x g  for 10 min at 4°C to precipitate protein, and the supernatants 

containing ascorbate and dehydroascorbate were stored at -70°C prior to analysis using 

HPLC.
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2.3. High Performance liquid chromatography (HPLC)

Follicular fluids stored in 0.02% (w/v) BHT were analysed for thiobarbituric acid 

reactive substances (TBARS-a measure o f lipid peroxidation), a-tocopherol and 

P-carotene. Samples stored in a final concentration o f 5% (w/v) MPA were analysed for 

ascorbate and dehydroascorbate. All sanq)les were analysed on a Beckman System Gold 

HPLC (Beckman Gold software) equipped with Beckman diode-array for a-tocopherol 

and p-carotene measurements.

2.3.1. Measurement o f thiobarbituric acid reactive substances-TBARS

Biological fluids such as follicular fluids contain many proteins and compounds, 

which can interfere with the commonly used spectrophotometric TBARS assay. To 

overcome this problem, TBARS were measured in human follicular fluid using a sensitive, 

isocratic HPLC method described previously (Chirico et al,, 1993).

A 4.04 M solution o f 1,1,3,3-Tetraethoxypropane (TEP) was diluted to give a 

2.5 mM stock solution o f TEP in 60% (v/v) ethanol which was stored at 4°C, for up to 

one month. This stock solution was further diluted in 60% (v/v) ethanol resulting in a 100 

pM working solution o f TEP (used within 1 week). Aliquots o f the 100 pM working 

solution were dissolved in a final volume o f 0.25 ml deionised water resulting in TEP 

concentrations o f 0, 0.1, 0.2, 0.5, 1, 2, 5 ,10 , 20, 25, and 50 pM.

A volume o f 1.5 ml phosphoric acid (H3PO4) was added to 0.25 ml o f standard or 

sample in a glass boiling tube and left to stand for 10 min. A solution o f 0.6% (w/v) 

thiobarbituric acid (TBA) in deionized water was heated gently at 25 °C to dissolve the 

TBA, cooled, and 0.5 ml added to each sample tube. The tubes were vortexed thoroughly 

and incubated at 80®C for 60 min. Following this incubation, 2 ml HPLC grade 

butan-l-ol was added to 1 ml o f the incubated sample, vortexed and centrifuged at 850 x g  

for 5 min at 20®C. The butanol phase, containing the thiobarbituryl-malondialdehyde 

(MDA-TBA2) adduct was aspirated firom the aqueous phase and evaporated under 

nitrogen (N2) at room temperature. The resultant residue was resuspended in 0.25ml 

mobile phase consisting o f 65:35 (v/v) 50 mM potassium dihydrogen

orthophosphateipotassium hydroxide (KH2PO4-KOH) (pH 6 .8 ) buffer: methanol 

(CH3OH), and loaded onto the column.
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A volume o f 50 1̂ sanq)le or standard was injected onto a Spherisorb 5 ODS Cig 

column fitted with a Hiber Cg guard (HPLC Technologies, Cheshire, UK) using an 

automatic sample injector. The samples were eluted isocratically with mobile phase 

(composition stated above) at a flow rate o f 1 ml/min. A sharp peak, corresponding to the 

MDA-TBA2 adduct, eluted at a retention time o f approximately 4.8 min, detected by a 

visible detector set at 532 nm (refer to Appendix I for a representative chromatogram and 

standard curve).

2.3.2. Measurement o f ascorbate (Vitamin C)

Measurements o f ascorbate were carried out on follicular fluids stored in a final 

concentration o f 5% (w/v) MPA, using a modified method o f that previously described 

(Jennings et al., 1987). A stock solution o f 1 mM ascorbic acid was prepared in deionized 

water. Aliquots o f the 1 mM stock solution were further dissolved in a final volume o f 0.5 

ml deionised water resulting in ascorbate concentrations o f 1, 5, 10, 20, 50, and 100 pM. 

The standards were then mixed 1:1 with 10% (w/v) MPA and vortexed thoroughly. All 

standard and sample tubes were wrapped in foil to prevent degradation o f ascorbate, 

which is light sensitive.

A volume o f 50 pi o f sançle and standards was injected onto a Lichrosorb 1ONH2 

column fitted with a Lichro-guard (HPLC Technologies) using an automatic sample 

injector. Each sample was eluted isocratically with 160:839:1 (by volume) 15 mM 

potassium dihydrogen phosphate (KH2PO4): acetonitrile (CH3CN): glacial acetic acid 

(CH3COOH) at a flow rate o f 2 ml/min. A sharp peak corresponding to ascorbate eluted 

at a retention time o f 12 min, measured by a UV detector set at 254 nm (refer to Appendix 

I for a representative chromatogram and standard curve).

2.3.3. Measurement o f dehvdroascorbate

Measurements o f dehydroascorbate were carried out on follicular fluids stored in a 

final concentration o f 5% (w/v) MPA, using a modified method o f that previously 

described (Jennings et al., 1987). This method is based on a specific reaction between 

dehydroascorbate and o-phenylenediamine (OPD), to form a fluorescent quinoxaline 

derivative, which can be detected using a fiuorimeter. Stock solutions o f 1 mM 

dehydroascorbic acid (DHAA), and 1 mM OPD were prepared in deionised water and left 

to dissolve for at least 1 h before preparation o f the standards. Aliquots o f the 1 mM
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stock DHAA solution, were dissolved in a final volume o f 1 ml deionised water resulting 

in final DHAA concentrations o f 0, 0 .5 ,1 ,5 , 10, 25, and 50 îM. The tubes were wrapped 

in foil to prevent exposure o f the solution to light. A volume o f 1 ml o f 1 mM OPD 

solution was added to the standards, and the tubes vortexed thoroughly. Follicular fluid 

samples stored in 5% (w/v) MPA were mixed 1:1 with OPD, and both the samples and 

standards incubated at 4°C, in the dark for 3 h.

A volume o f 50pl o f incubated sample or standard was injected onto a Lichrosorb 

IONH2 column fitted with guard using automatic sample injector. The samples were 

eluted isocratically with the same mobile phase as for ascorbate (section 2.3.2) at a flow  

rate o f 1 ml/min. A peak corresponding to dehydroascorbate eluted at a retention time o f

6.3 min, using a fiuorimeter (Gilson) for detection (refer to Appendix I for a representative 

chromatogram and standard curve). The fluorescent OPD derivative undergoes excitation 

at 360 nm and emission at 455nm.

2.3.4. Measurement o f a-tocopherol (Vitamin El and p-carotene

Alpha-tocopherol and p-carotene concentrations were determined in follicular 

fluids stored at -20®C with 0.02% (w/v) BHT, using a modified method o f that described 

previously (Calzada et aL, 1995), using Beckman Diode-array for dual detection o f a- 

tocopherol and p-carotene in each sample. Alpha-tocopherol standards (1, 2, 5, 10, 25, 

and 50 pM) were prepared fi*om a 100 pM a-tocopherol stock solution dissolved in 

hexane, by further diluting in deionized water to a final volume o f 1 ml. A final 

concentration o f 50 pM solution o f 0-tocopherol in hexane was used as an internal 

standard in each sample. Beta-carotene standards (o f 1 ,2 , 5, 10, 25, and 50 pM) were 

prepared fi*om a 50 pM stock solution dissolved in hexane, by further diluting in deionized 

water to a final volume o f 0.5 ml. A  volume o f 1 ml o f sample was mixed with 2 ml 

ethanol and 4 ml hexane resulting in two layers. The upper hexane layer containing the a- 

tocopherol was removed for analysis.

A volume o f 50 pi o f sample was injected onto a silica column fitted with a guard 

(Nova-pak®, USA) using an autoinjector (Gilson). The samples were eluted isocratically 

with 92:8 (v/v) hexane:methyl-tert-butyl ether at a flow rate o f 1 ml/min. Sharp peaks 

corresponding to a-tocopherol and 0-tocopherol were eluted at retention times o f 3 and

5.4 min respectively, using a UV detector set at 296 nm. A peak corresponding to
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P-carotene, eluted at 5 min on a separate chromatogram with peak absorbance at 286nm 

(refer to Appendix I for a representative chromatograms and standard curves).

2.4. Competitive Enzvme-Linked Immunosorbent Assav ŒLISA) for detection o f 

Nitrotvrosines

3-Nitrotyrosine-modified proteins were quantified in human follicular fluids using a 

competitive ELISA method developed by Khan et al. (1998). Peroxynitrite was prepared 

as previously described (Khan et al. 1998 and references therein). Nitrated bovine serum 

albumin (Nitro-BSA), used to generate a standard curve, was prepared as follows. BSA 

was dissolved in 50 mM disodium hydrogen phosphate buffer (Na2HP0 4 ) (pH 7.4) at a 

concentration o f 2 mg/ml. The BSA solution was incubated at 37®C for 5 min after which 

stock peroxynitrite was added to a final concentration o f 1 mM. The BSA solution was 

incubated for a further 5 min and two further additions o f peroxynitrite (final concentration 

o f 1 mM) were performed. The resultant nitro-BSA was dialysed overnight against 4L o f 

50 mM Na2 ? 0 4  (pH 7.4), and for a further 6 h in 4L o f fi*eshly prepared dialysis buffer. 

The 3-nitrotyrosine content o f nitro-BSA was determined by absorbance at 438 nm (pH 

9), using a molar extinction coefficient o f4300 M^cm'\

The assay was performed on 96-well plates coated with 4 pg nitro-BSA/ml, and 

immobilised antigen was blocked with ovalbumin to prevent any non-specific binding 

(Figure 2.1). Standards were constructed by serial dilution o f a stock solution o f nitro- 

BSA in deionised water resulting in a final concentration range o f 0-900 nM. Standards 

and samples were added to BSA-coated wells, and incubated with immunoaffinity purified 

polyclonal anti-nitrotyrosine rabbit IgG (diluted 1:30,000 in phosphate buffer) for 2h at 

37®C. The plate was washed in phosphate-buffered saline (PBS) and incubated with 

biotinylated donkey anti-rabbit IgG. Plates were then incubated with avidin-biotin 

horseradish peroxidase complex. The plates were washed in PBS and colour development 

initiated by addition o f substrate, OPD. Plates were left to develop for up to 30 min at 

room temperature, after which the reaction was terminated by addition o f 4 M sulphuric 

acid and antibody binding was determined by absorbance at 490 nm. The concentration o f 

nitrated proteins in a sample that inhibit anti-nitrotyrosine antibody binding were estimated 

fi'om the standard curve and expressed as nitro-BSA equivalents (an equivalent 

concentration o f 3-nitrotyrosine).
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(6) OPD (7) HjS04
(substrate initiating coiour) (reaction terminated)

I
colour 

developed
490nm \4/

Sample (2)

Secondary antibody (4)

Primary antibody (3) 

Immobilised antigen (1)

(Represents one well on a 96-well plate)

Figure 2.1. Schematic representation of ELISA method of detection for 

Nitrotyrosines

(1) plate coated with nitro-BSA
(2) samples and standards added to BSA-coated wells
(3) coated wells incubated with polyclonal anti-nitrotyrosine rabbit IgG
(4) plates incubated with biotinylated
(5) plates incubated with avidin-biotin horseradish peroxidase complex
(6 ) OPD added to wells and plates incubated for 30 min
(7) reaction terminated by the addition o f 4M sulphuric acid
(8 ) antibody binding determined by absorbance measured at 490 nm

Abbr: BSA - bovine serum albumin 
OPD - o-phenylenediamine 
H2SO4 - sulphuric acid
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2.5. Isolation and Analysis o f Lipoproteins

Lipoproteins were separated from plasma or follicular fluid by sequential 

ultracentrifugation as previously described (Havel et al., 1955). The addition o f increasing 

density solutions resulted in flotation and isolation o f the required lipoproteins.

2.5.1. Isolation o f LDLs from human plasma

Fresh blood from healthy fasted human volunteers was drawn into a syringe 

containing anticoagulant [63 mM ethylenediamine-tetra-acetic acid (EDTA) and 42 pM 

diethylenetriamine-penta-acetic acid (DTPA)], at a ratio o f 1 part anticoagulant to 20 parts 

blood. Plasma was obtained from the blood following centrifrigation at 1200 x g  for 20 

min at 4°C in an lEC Centra GP8 R ultracentrifiige. The plasma was removed using a 19- 

gauge needle and syringe, and the density adjusted by the addition o f approximately 

0.4428g sodium bromide (NaBr) per ml plasma (according to the density o f the plasma). 

Beckman ultracentrifugation tubes were half filled with 0.9% (w/v) sodium chloride and 

underlayed with 10-15 ml plasma-NaBr solution.

The tubes were balanced to within 0.1 g o f each other using the appropriate density 

solution, and centrifriged at 4°C for 2.5 h, at 200,000 x g  in a fixed-angle rotor (Beckman 

type TO.lTi; Beckman XL-70 Ultracentrifiige). The LDL band was removed using a 

needle and syringe and overlayed onto 6.5 ml o f 1.151 g/ml NaBr density solution. The 

tubes were then filled with 1.063 g/ml NaBr density solution, balanced, and centrifuged at 

4°C for 16 h at 200,000 x g. The LDL containing band was then removed from the top o f  

the tubes, and concentrated in a Centriprep™ concentrator (Amicon, Palto Alto, CA, 

USA) by centrifugation at 4°C, for 1.5 h at 250 x g.

The isolated LDL samples were then dialysed at 4°C against 12 mM Tris/NaCl (pH 

7.4) degassed buffer with 3 changes over 12 h (in the dark). Following dialysis the LDL 

were sterilised by filtration through a 0.22 pm sterile filter and stored at 4®C with a final 

concentration o f 1 pM DTP A. LDL samples were used within one week o f preparation.

2.5.2. Isolation o f HDLs from human plasma

Plasma was obtained as described in section 2.5.1. Apolipoprotein Bioo containing 

lipoproteins were removed using a precipitation step adapted from a method previously 

described by Gidez et al. (1982). To 1ml plasma, 0.1 ml o f 1% (w/v) BSA dissolved in
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deionised water was added (to prevent non-specific removal o f HDLs). This was followed 

by the additions o f 0.1 ml 0.5 M phosphotungstic acid (PTA) dissolved in 0.1 M sodium 

hydroxide, and 0.1 ml 0.5 M magnesium chloride. The plasma was left to stand for 4h at 

room temperature, and the precipitate removed by centrifugation at 4 ®C for 10 min at 

1200 X g. The apo Bioo fi*ee plasma was removed and the density adjusted to 1.21 g/ml by 

the addition o f approximately 0.296 g NaBr per ml plasma (dependent upon density o f 

plasma). The adjusted plasma was then transferred to ultracentrifugation tubes, balanced 

(section 2.5.1) and centrifuged at 105,400 x g  for 40 h at 4®C. The yellow band 

containing HDL particles was removed using a 19-gauge needle and syringe, and placed in 

clean centrifugation tubes. The tubes were filled with 1.21 g/ml NaBr density solution and 

centriftiged for a fiirther 40 h at 105,400 x g  at 4®C, to wash the HDLs. The HDLs were 

removed again using a needle and syringe and concentrated in a Centriprep™ concentrator 

(Amicon) at 4°C for 2 hat 250 x g . The HDLs were desalted by dialysing in Tris buffer as 

described for LDLs, or filtering the samples through a Sephadex column (Pharmacia, 

Uppsala, Sweden). The HDLs were stored with a final concentration o f 1 pM DTPA at 

4°C for use within 1 week, or at -20®C for use within 1 month. HDL samples were 

aliquoted to prevent repetitive fi*eeze thawing. HDLs isolated in the presence o f EDTA 

results in inhibition o f the arylesterase activity o f paraoxonase, but does not influence its 

ability to inhibit LDL oxidation (Aviram et al., 1998a) therefore the actions o f HDLs 

described in this thesis are independent o f the arylesterase activity o f paraoxonase.

2.5.3. Isolation o f HDLs fi’om Human Follicular Fluid

Total HDLs were isolated fi'om follicular fluid by flotation in a preparative 

ultracentrifuge. Approximately 9 ml o f human follicular fluid was placed in polyallomer 

Beckman ultracentrifiigation tubes (16 x 76 mm), and the density o f the fluid checked 

using a density meter (Anton Paar Digital Density Meter, Merck, Poole UK). The density 

o f the follicular fluid (approximately 1.017 g/1) was adjusted to 1.21 g/1 using NaBr, and 

the caps o f the tubes inserted. The tubes were balanced using 1.21 g/1 NaBr density 

solution and centriftiged at 16 °C for 40 h at 105, 400 x g  in a fixed-angle rotor (Beckman 

type 50Ti). The rotor was allowed to decelerate with the brake turned off. The upper 

layer containing the HDLs, were collected by slicing the tube at a distance o f 2 cm fi'om 

the top. The HDLs were concentrated, and desalted as described in section 2.5.2.
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2.6. Heparin-Sepharose affinity chromatography

HDLs isolated from plasma and human follicular fluids (section 2.5.3), were 

separated by heparin-sepharose aflSnity chromatography into a non-bound (apolipoprotein 

E-poor), and a bound (apolipoprotein E-rich) fraction, through their binding to manganese 

ions (Mn^^ in the column buffer.

2.6.1. Preparation o f Heparin-Sepharose column

Heparin-Sepharose was prepared by covalent coupling o f heparin to Sepharose 4B 

by cyanogen bromide (CNBr) as previously described (Wilson et al., 1992 and references 

therein). This preparation was carried out in a fume cupboard in a well-ventilated room, 

due to the toxic fumes emitted by the CNBr.

A packed volume o f 50 ml Sepharose 4B was diluted to 100 ml with distilled 

water. A volume o f 100 ml 2 M NaHCOs (pH 9.5) was added to the Sepharose and 

slowly stirred. 10 g CNBr was dissolved in 5 ml acetonitrile on ice, and the solution was 

added all at once to the Sepharose slurry with vigorous stirring for 2 min, to activate the 

Sepharose. The slurry was poured into a coarse-sintered glass funnel, and consecutively 

washed with IL o f each o f the following solutions: (i) 0.1 M NaHCOs (pH 9.5); (ii) 

distilled water, and (iii) 0.1 M NaHCOg (pH 9.5).

The slurry was filtered under vacuum to give a moist compact cake, and 

transferred to a bottle containing 100 ml 0.2 M NaHCOs (pH 9.5), in which 0.5 g heparin 

(sodium salt, GRADE 1 A) from porcine intestinal mucosa was dissolved. The solution was 

mixed and allowed to stand at 4 ®C for 20 h, to allow the coupling o f the heparin to the 

activated Sepharose. The heparin-Sepharose was made 1 M with respect to glycine by the 

addition o f 7.5 g glycine to mask any uncoupled reactive groups, and allowed to stand for 

18 h at 4 °C. The heparin-Sepharose was then consecutively washed with 2L o f each o f 

the following buffers:

(i) 0.1 M sodium acetate (pH 4),

(ii) 2.0 M urea,

(iii) 0.1M NaH CO 3(pH 9.5),

(iv) ZOM NaCl,

(v) 0.1 M K2HP0 4 (pH 6.5), and

(vi) 0.5 M NaCl in 5 mM Tris-HCl (pH 7.4).
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The slurry was filtered under vacuum to give a firm moist material and transferred 

to a bottle, to which an equal volume o f 0.5 M NaCl in 5 mM Tris-HCl (pH 7.4) was 

added. The heparin-Sepharose slurry was stirred and degassed to remove any bubbles. 

The slurry was packed into a column (12 cm x 1.0 cm i.d.) (Amicon) with an adjustable 

capacity adapter to eliminate any dead space at the top o f the column. The column was 

placed at 4®C and attached to a pump.

2.6.2. Application o f lipoprotein sample to column

HDL samples isolated fi'om plasma and follicular fluid (sections 2.5.2. and 2.5.3. 

respectively) were adjusted to give 4-8 mg HDL protein/ml by diluting the sample in 0.05 

M NaCl/5 mM Tris-HCl (pH 7.4). Before applying to the column, solid manganese 

chloride (MnCb) was added to the HDL solution at a final concentration o f 25 mM. A 

solution o f 0.05 M NaCl/5 mM Tris-HCl (pH 7.4) was allowed to flow through the 

column for at least 18 h at a flow rate o f 0.6 ml/min to ensure that equilibrium was 

reached. Before applying the sample to the column, 0.05 M NaCl/5 mM Tris-HCl/0.025 

M MnCb (pH 7.4) was passed through the column at a rate o f 0.6 ml/min. A volume o f

1.5 ml HDL solution was applied to the column followed by 2-3 ml 0.05 M NaCl/5 mM 

Tris-HCl/0.025 M MnCh (pH 7.4) and left to stand overnight to allow maximum binding 

o f the apo E particles to the column matrix.

The column was attached to a fi’action collector (collecting elution volumes o f 5 ml 

at a rate o f 1.2 ml/minute), and a recorder which continuously monitored the absorbance at 

280 nm. The non-binding proteins were eluted with 0.05 M NaCl/5 mM Tris-HCl/ 

0.025 M MnCh (pH 7.4) for approximately 1 h until the absorption at 280 nm fell below 

the baseline. The eluting buffer was then replaced with a second eluting buffer, 0.1 M 

NaCl/5 mM Tris-HCl (pH 7.4), and elution continued until all the bound fi*action was 

collected. The column was finally eluted with 0.6 M NaCl/5 mM Tris-HCl (pH 7.4) and a 

third fi'action containing any possible LDL or Lipoprotein(a) [Lp(a)] was collected. 

Following this, 0.05 M NaCl/5 mM Tris-HCl/0.025 M MnCh (pH 7.4) was run through 

the column to equilibriate it in preparation for the next chromatographic separation. The 

absorbance o f the column fi-actions was measured at 280 nm using a UV 

spectrophotometer.
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2.7. Modified Lowry Protein Assav

A modified version o f the original Lowry protein assay (Lowry et al., 1951), was 

used to determine the protein concentrations in human follicular fluids and isolated 

lipoproteins. BSA standards (0, 10, 20,40, 80, 120, and 160 pg/ml) were prepared fi’om a 

200 pg/ml stock solution o f BSA, by diluting with distilled water in a final volume o f 

500 pi. Follicular fluid samples were diluted 1/10 in distilled water before being assayed, 

and sample volumes o f 10 and 15 pi were resuspended in 500 pi o f distilled water. 

Standards and samples were prepared in duplicate in macrocuvettees.

Lowry’s Solution [2.0% (w/v) disodium carbonate (Na2C0 3 ), 4.0% (w/v) NaOH, 

0.16% (w/v) sodium tartrate, 1.0% (w/v) sodium dodecyl sulphate (SDS)] was mixed in a 

ratio o f 100:1 (v/v) with 4% (w/v) copper sulphate solution (CUSO4 . 5 H2O). A volume o f

1.5 ml o f the resultant solution was added to each o f the cuvettes, the samples mixed and 

left to stand at room temperature for 20 min. This was followed by the addition o f 150 pi 

Folin and Ciocalteu’s phenol reagent mixed 1:1 (v/v) with distilled water to each cuvette. 

The samples were mixed and left to stand at room temperature for a fiirther 30 min. The 

absorbances were measured at 660 nm on a DU70 spectrophotometer, and the unknown 

protein concentrations calculated firom the BSA standard curve (refer to Appendix I for a 

representative standard curve).

2.8. Agarose Gel Electrophoresis

Agarose gel is an effective electrophoretic medium for separating lipoproteins 

according to their net charge at pH 8.6. Electrophoresis o f follicular fluid, plasma and 

intrafollicular lipoproteins were carried out using pre-cast 1% (w/v) agarose gels (Ciba- 

Coming Medical, Palo Alto, CA), and a Universal PHAB Buffer set (Ciba-Coming). One 

vial containing powdered barbitone buffer was reconstituted in 2L o f deionized water, 

mixed for at least 30 min and stored at 4®C. The agarose film from a Ciba gel was gently 

peeled away from its backing plate and loaded onto a cassette electrophoresis cell. The 

anode and cathode chambers were filled with barbitone buffer and the ends o f the gels 

immersed in the buffer to ensure good contact. A volume o f 1 pi sample and 1 pi o f a 

reference sample (prepared using 1 ml plasma containing 2 mg bromophenol blue) was 

loaded into the wells, and the gel run at 90-100 V, 40 mA for approximately 90 min. The 

bromophenol blue dye in the reference sample was used as a tracking dye for assessing the
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electrophoresis. When electrophoresis was completed, the film was removed fi'om the 

cassette and dried at 50°C for 15-20 min, then stained for 30 min with 5% (w/v) 

Coomassie Blue. The gel was then destained vsdth 50% (v/v) methanol in water, on an 

oscillating platform, at room temperature, overnight.

2.9. Spectrophotometric methods for determination o f lipid oxidation

Lipoproteins can be oxidised in vivo during certain physiological processes 

(described in Chapter One), and artificially in vitro using transition metal ions (described in 

Chapter Seven). LDLs and HDLs at protein concentrations o f 4-6 mg/ml and 10-13 

mg/ml respectively (in tris buffer), were chemically oxidised by the addition o f 1 mM 

cupric sulphate, to achieve final copper concentrations o f 6.4 pM and 5 pM per mg/ml 

protein for LDLs and HDLs respectively. Each lipoprotein was incubated at 37°C for 20 h, 

after which oxidation was terminated by adding 1.5 volumes o f 1 mM DTPA per volume 1 

mM copper sulphate used initially. The oxidised lipoproteins were dialysed (section

2.5.1), and the degree o f Hpoprotein oxidation, determined by measuring lipid peroxides 

(Ferrous oxidation/xylenol orange assay) and TBARS as described below.

2.9.1. Ferrous oxidation/xvlenol orange (TOXl Assav

Peroxides were measured in lipids extracted fi'om follicular fluids and in 

lipoproteins isolated fi'om plasma and follicular fluid using the FOX assay as previously 

described (Jiang et al., 1992).

FOX reagent was prepared as follows. A volume o f 2.5 ml 1 M sulphuric acid was 

added to 1 ml o f 10 mM ammonium ferrous sulphate (with continuous stirring). A 

volume o f 5.5 ml deionised water was then added followed by 1ml o f 10 mM stock 

Xylenol Orange solution. Finally, 90 ml o f methanol containing 0.09% (v/v) BHT was 

added. The resultant solution contained 100 pM Xylenol Orange, 100 pM ammonium 

ferrous sulphate, 25 mM sulphuric acid, 90% (v/v) methanol and 4 mM BHT. FOX 

reagent was kept stable at 4®C for up to three weeks.

A standard curve was constructed using a commerically available 5.25 M solution 

o f cumene hydroperoxide. A stock solution o f 1 mM cumene hydroperoxide was prepared 

by diluting the 5.25 M stock solution 1/1000, followed by 1/5.25 dilution in ethanol. The

1.0 mM stock solution was diluted in a final volume o f 2 ml resulting in final cumene
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hydroperoxide concentrations o f 0.5, 1, 5, 10, 25, 50, 75, 100, 150, 200 pM (refer to 

Appendix I for representative standard curve).

The samples to be measured were first lipid extracted as follows. A 376 pi volume 

o f 1:2 (v/v) chloroformimethanol was added to 100 pi lipoprotein or follicular fluid. The 

tubes were vortexed and left to extract for 20-30 min. A volume o f 125 pi chloroform 

was then added to each tube, followed by 125 pi distilled water or PBS. The tubes were 

vortexed and centrifuged at 200 x g  resulting in two clearly defined layers. A standard 

volume o f200 pi was removed firom the lower chloroform layer and evaporated to dryness 

under Nz at room temperature. The extracted lipid was resuspended in 150 pi ethanol. 

Volumes o f 50 pi standard or sample were transferred in triplicate to a 96-well plate. To 

each weU, 150 pi o f FOX reagent was added and the plate left to stand for 15 min to allow 

completion o f the reaction after which the absorbance was assessed at 620nm. The lipid 

peroxide concentrations in the unknown samples were determined using the standard 

curve, (refer to Appendix I for representative standard curve).

2.9.2. Thiobarbituric Acid Reactive Substances (TBARS) Assav

MDA and TBA reactivity was used to assess lipid peroxidation in lipoprotein 

samples isolated fi'om human plasma and follicular fluid samples using a 

spectrophotometric method previously described (Janero, 1990). Spectrometric TBARS 

analysis can be used to assess the oxidation status o f lipoprotein and lipid samples, 

whereby the interfering factors present in biological fluids have been eliminated through 

the lipoprotein isolation procedure.

Standards were prepared fi'om a stock solution o f 4.04 M TEP in ethanol was 

diluted 1/2000 (v/v) in 5 mM Tris buffer resulting in a 2.02 mM solution. The 2.02 mM 

solution was diluted 1/100 (v/v) inTris buffer to give a 20 pM solution, and 1:1000 (v/v) 

to give a 2 pM solution. The 2 pM and 20 pM solutions were diluted in Tris buffer in a 

final volume o f 1.38 ml resulting in final TEP standard concentrations o f 0.1, 0.3, 0.5, 1.0, 

1.5, 2, 5, 10, 15, and 20 pM. To each standard and sample, 0.75 ml o f 0.67% (w/v) TBA 

dissolved in 50 mM sulphuric acid was added. The tubes were vortexed and incubated at 

95-100®C for 20-30 min, after which the absorbance o f each sanq)le was assessed at 532 

nm (refer to Appendix I for a representative standard curve).
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2.10. Cholesterol Assav

Total cholesterol concentrations were determined in follicular fluids and in 

lipoproteins isolated fi’om plasma and follicular fluid using a diagnostic kit (Sigma). 

Cholesterol reagent was reconstituted with 50 ml deionised water following the 

instructions o f the manufacturers. The reconstituted reagent contained the following 

concentrations o f components; 300 U/1 cholesterol oxidase (microbial), >100 U/1 

cholesterol esterase (microbial) 1000 U/1 peroxidase (horseradish), 0.3 mM 

4-aminoantipyrine, 30.0 mM/7-hydroxybenzenesulphonate, (pH 6.5).

A stock standard o f 2.05 mg/ml cholesterol was diluted 1/5 (v/v) in deionised 

water resulting in a final cholesterol standard concentration o f 410 pg/ml. The cholesterol 

standard curve was constructed by further diluting the 410 pg/ml cholesterol standard in a 

final volume o f 40 pi deionised water resulting in cholesterol concentrations o f 102.5, 

205.0, 307.5, and 410 pg/ml. Samples were also diluted in a final volume o f 40 pi using 

deionised water. A volume o f 1 ml cholesterol reagent was added to each tube containing 

standard or sample and mixed by gentle inversion. Tubes were incubated for 5 min at 

37°C, after which the absorbance o f each tube was measured at 500nm on a DU70 

spectrophotometer, and the unknowns calculated fiom the standard curve (refer to 

Appendix I for a representative standard curve).

2.11. Isolation o f human granulosa cells

Granulosa cells were isolated fiom  follicular aspirates using a modified method o f  

that previously described (Webley et ah, 1988). Follicular aspirates were lightly 

centriftiged at 250 x g  for 10 min at 4®C to sediment cells. The supernatant containing 

follicular fluid and flush media was discarded and the pooled cells resuspended in a final 

volume o f 10 ml Dulbecco’s modified PBS. The cell suspension was overlayed onto 10 ml 

o f 60% (v/v) PercoU solution [9:5:1 (by volume), 100% Percoll: sterile PBS: 1.5 M 

NaCl]. The tubes were then centrifuged at 1000 x g  for 20 min at 4®C without the brake. 

This resulted in sedimentation o f any erythrocytes beneath the Percoll, while the granulosa 

cells settled at the PBS-PercoU interface (equivalent density range =1.04-1.07 g/ml). The 

granulosa cells were aspirated fiom the interface, resuspended m 10 ml PBS and 

centriftiged at 250 x g  for 10 min at 4®C. The washing step was repeated a further two 

times, and any blood clots were removed using a fine bore pipette.

95



After the final wash the cells were resuspended in 1 ml PBS, and a 10 pi aliquot 

was mixed with 10 pi 0.4% (w/v) Trypan blue containing 1% (v/v) acetic acid. The viable 

granulosa cells did not take up the Trypan blue and could therefore be counted. The cells 

were counted, and diluted in Dulbecco’s Modified Eagles Medium (DMEM):Hams F12 

medium supplemented with 10% (v/v) foetal calf serum (PCS), 2 mM L-glutamine, 

penicillin (87, 000 IU/1), and 87 mg/1 streptomycin, to a final cell density o f 5x10'* viable 

cell per ml medium. Cells were plated in 24-well or 96-well sterile cell culture plates, and 

incubated at 37°C in a humidified atmosphere o f 5% (v/v) CO2 in air. All cell experiments 

were performed on day 3 o f culture unless stated otherwise.

At the end o f the granulosa cells incubations, the medium was removed and kept 

for analysis. The cells were acidified with 0.3M perchloric acid and fi’ozen at -20®C. On 

thawing, the cells were neutralised by the addition o f 0.3 mM H3PO4 , prior to analysis o f 

progesterone, cAMP and prostaglandin E2 concentrations by radioimmunoassay.

2.11.1. Depletion o f CD45 positive cells fi’om Human Granulosa Cells

Granulosa cells were isolated (as described in section 2.11), and half the volume o f 

the cell suspension was incubated with anti-CD45 positive coated magnetic beads 

[DYNABEADS® M-450 CD45 (DYNAL, Norway)] to deplete CD45 positive cells, as 

described previously (Evagelatou et al., 1997). A quantity o f 2x10^ beads was added per 

ml sample in accordance with the manufecturer’s instructions, for 90% depletion o f CD45 

positive cells. Dynabeads were resuspended, then washed with PBS and collected using a 

magnetic particle concentrator (DYNAL-MPC). The beads were resuspended in PBS and 

added to the cell suspension, followed by incubation at 4°C for 20 min with gentle 

rotation. Rossetted beads were removed with the MPC and the leucocyte-depleted 

granulosa cells were cultured at a density o f 5x1 O'* cell/ml as for undepleted granulosa cell 

preparations. This procedure resulted in 50-80% depletion o f CD45 positive cells fi'om the 

granulosa cell preparations used in the experimental work described in (Chapter Seven).
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2.12. Radioimmunoassay

2.12.1. Measurement o f Progesterone

Progesterone concentrations were determined using a modified method o f that 

previously described (Webley et al., 1989). A progesterone standard curve was prepared 

fi'om a 1 pg/ml stock progesterone standard stored at -20°C in ethanol. A volume o f 10 pi 

(10 ng) o f progesterone standard was dried down under nitrogen and reconstituted in 1 ml 

cell culture medium (serum-fi*ee DM EM :F12) to give a top standard concentration o f 10 

ng/ml. The top standard was then double diluted against 500 pi volumes o f sample 

medium to produce 500 pi o f each o f the following standards; 10, 5, 2 .5 , 1.25, 0.625, 

0.313, 0.156, 0.078 ng/ml. Volumes o f 100 pi o f each standard were aliquoted out in 

triplicate and 100 pi o f sample medium served as 0 ng/ml (Bo). The unknown samples 

were diluted 1/100 or 1/1000 (by serial dilution) in sample medium to a final volume o f 

100 pi. All standards and samples were assayed in triplicate.

Stock [l,2,6,7^H]-Progesterone was diluted in phosphate azide saline-gelatin 

buffer (PGB) [refer to Appendix II] in a glass scintillation vial (to give the required 20,000 

dpm per 100 pi PGB), and 100 pi was added to each standard and sample tube. 

Progesterone antiserum was diluted 1/100 in PGB and stored in 100 pi aliquots at -20°C. 

A 100 pi aliquot was further diluted 1/100 in PGB resulting in a working antibody dilution 

o f 1/10,000. A volume o f 100 pi diluted antibody was added to all sample and standard 

tubes excluding the tubes for determination o f Total and NSB radioactivity. Non-specific 

and total binding was also measured in triplicate tubes containing 100 pi o f sample 

medium, 100 pi [^H]-progesterone and 100 pi PGB. Each tube was vortexed thoroughly, 

covered with parafilm, and incubated overnight at 4°C.

A solution o f 0.5% (w/v) dextran was mixed 1:1 (v/v) with 5% (w/v) charcoal for 

30 min, prior to use. Activated dextran-coated charcoal was added to each tube except 

the totals, which received 500 pi o f PGB. The tubes were vortexed and centrifiiged for 10 

min at 1000 x g  at 4°C, to precipitate any unbound progesterone. The supernatants were 

decanted into mini scintillation vials, and 2 ml o f Ultima-Gold scintillant was added to each 

vial, which were then capped and vortexed. Radioactivity (dpm) was measured on a 

Beckman LS 5000CE Scintillation counter, with a count time o f 2 min per vial. The 

counts recorded were analysed by RIA software using the logit % B/Bo whereby the data 

for the standard curve is linearised (see Appendix I for a representative standard curve).
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and counts were converted to pmol progesterone /lO  ̂cells.

Intra- and inter-assay coefficients o f variation were 6.7% and 10.8% repsectively at 

38% binding, with an assay sensitivity o f250 pM, and a working range o f 0.5-15.9 nM.

2.12.2. Measurement o f cAMP

[̂ ^ Î]cAMP tracer, produced by iodination o f succinyl cyclic AMP tyrosyl methyl 

ester (ScAMP-TME) using the chloramine T method, was purified on a C l8 cartridge 

using a modified method o f that previously described (Wilson, 1988).

2.12.2.1. Iodination o f ScAMP-TME

The following volumes were added to a a glass tube containing a micromagnet; 20 

pi 0.5 M potassium phosphate (KH2PO4) (pH-7), 20 pi ScAMP-TME (equivalent to 

800 ng) in 5 mM sodium acetate, and 10 pi radiolabelled sodium iodide, Nâ ^̂ I (1 mCi). 

Chloramine T solution (1 mg/ml) in 0.5 M potassium phosphate, (pH 7), was prepared 

fi*esh and 5 pi added to the above solution. The tube was capped immediately and 

vortexed for 1 min at room temperature. The reaction was stopped by adding 50 pi 

5 mg/ml sodium metabisulphite (in deionised water). A volume o f 800 pi 0.1 M sodium 

acetate (pH 4.75) was then added, and the tube vortexed.

2.12.2.2. Rapid Purification o f lodinated cvclic AMP

A Sep-Pak C l8 Cartridge™ (Waters) was washed with 20 ml methanol followed by 

20 ml deionised water. The reaction mixture (section 2.12.2.1) was loaded onto the 

column and eluted with 17.5:82.5 (v/v) propan-l-ol: 0.1 M sodium acetate, and 0.5 ml 

fi-actions were collected in borosilicate tubes. The radioactivity was determined in aliquots 

o f each fraction, and fractions containing the highest radioactivity were pooled, adjusted to 

50% (v/v) propan-l-ol by the addition o f an appropriate volume o f propan-l-ol and stored 

at -20°C.

2.12.2.3. Protocol for cAMP Measurement

The cAMP concentrations were determined using a modified method o f that 

previously described (Steiner et al., 1972). The tracer was diluted in PBS to obtain counts 

o f 15,000-20,000 dpm per lOOpl. Anti-cAMP antiserum raised in rabbits by immunisation
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against succinyl was diluted 1/100 and stored in 100 |il aliquots at -20°C. Prior to assay, 

aliquots o f antibody were thawed and diluted 1/100 in 0.3% (v/v) y-globulin for use, 

resulting in 25-30% binding o f *^ Î-cAMP in the absence o f non-radioactive cAMP 

standard {i.e. Bo standard). Cyclic AMP standards were stored at -20®C at a concentration 

o f 250 nM. Standards were constructed by making serial 1:1 dilutions o f the top standard 

in media resulting in the following range o f concentrations; 250, 125, 62.5, 31.25, 15.62, 

7.81, 3.9, 1.9, 0.95 nM. A volume o f 100 pi standard or unknown sample was aliquoted 

in triplicate in polypropylene assay tubes. To samples and standards, 5 pi o f acetylating 

reagent was added. This reagent was prepared immediately before use by mixing acetic 

anhydride: triethylamine, 1:2.7 (v/v). After the addition o f this reagent, the tubes were left 

to stand for up to 4h at room temperature.

A volume o f 100 pi [‘̂ ^I]-cAMP tracer was added to all tubes including the totals 

and NSB tubes, and the tubes vortexed. A volume o f 100 pi o f antiserum was added to all 

sample and standard tubes (excluding Totals and NSBs), and tubes vortexed. The Totals 

and NSBs received 0.3% (w/v) y-globulin in place o f antibody. The tubes were vortexed, 

covered with parafilm and left overnight at 4°C. After the incubation, 1.6 ml 

polyethyleneglycol 6000 (PEG 6000) were added to each tube (except Totals), tubes were 

vortexed and centrifuged at 4®C for 30 min at 250 x g. The supernatants were aspirated to 

a waste vessel and the radioactivity in the remaining pellet was measured using a gamma- 

counter. The counts recorded were analysed by RIA software using the logit % B/Bo, 

whereby the data for the standard curve is linearised (see Appendix I for a representative 

standard curve), and counts were converted to finol cAMP/10^ cells. Intra- and inter

assay coefficients o f variation were 1.4% and 4.7% repsectively at 26% binding with a 

sensitivity o f 0.95 nM, and a working range o f 1.9-125.0 nM.

2.12.3. Measurement o f Prostaglandin E?

Prostaglandin E% (PGE2) concentrations were determined spent media fi*om 

incubated human granulosa-lutein cells using a modified method o f that previously 

described (Hume, et al., 1992). PGE2 standard was dissolved in ethanol to a stock 

concentration o f 1 mg/ml (stored for up to 1 year at -20°C). A volume o f 5 pi stock was 

diluted in Tris assay buffer [containing 0.1% (w/v) gelatine, 0.01% (w/v) sodium azide 

(pH-7.4)] to a concentration o f 1 pg/ml (kept for up to 1 month at -20°C). This 1 pg/ml
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solution was further diluted in assay buffer resulting in a 100 ng/ml solution (used for top 

standard). An aliquot o f the 100 ng/ml solution was diluted 1/10, to give 10 ng/ml, and 

this solution was double diluted in equal volumes o f assay buffer resulting in the following 

standards; 10.0, 5.0, 2.5, 1.25, 0.62, 0.32, 0.16, 0.08, 0.04, 0.02 ng/ml.

A volume o f 6 pi [^H]-PGE2 (1.85 MBq) tracer was added to 5 ml assay buffer to 

give 6000-10,000 dpm. PGE2 rabbit antiserum (from Dr N. Poyser, Dept. Biochemistry, 

University o f Edinburgh) was stored in 50 pi aliquots at -20®C. Anti-serum was diluted 

1/100 in assay buffer, and 500 pi aliquots stored at -20°C. A 500 pi aliquot was further 

diluted 1/30 in assay buffer resulting in a working dilution o f 1/3,000. A volume o f 100 pi 

standard or unknown sangle was aliquoted in triplicate in polypropylene assay tubes and a 

further 100 pi o f assay buffer added to each tube. A volume o f 100 pi o f [^H]-PGE2 

tracer was added to each tube including Totals and NSBs, and the tubes vortexed. To aU 

sample and standard tubes (excluding Totals and NSBs) 100 pi o f PGE2 rabbit antiserum 

was added and tubes vortexed. The Totals and NSBs tubes received 100 pi Tris buffer in 

place o f antibody, and were vortexed and incubated at 4°C for 16-24h.

After the incubation, 200 pi dextran-coated charcoal [containing 0.1% (w/v) 

dextran and 1% (w/v) activated charcoal] was added to each vial (excluding Totals), and 

the tubes vortexed, and centrifuged at 4°C for 10 min at 2000 x g. The supernatants were 

decanted into mini scintillation vials, and 4 ml Hydrofluor™ scintillation fluid was added to 

each tube. The counts (dpm) were measured on a Beckman LS 5000CE Scintillation 

counter for 2 min/vial. The counts recorded were analysed by RIA software using the logit 

% B/Bo, whereby the data for the standard curve was used to calcuate unknowns (see 

Appendix I for a representative standard curve). Intra- and inter-assay coefficients o f 

variation were 1.2% and 3.5% respectively at 28% binding, with a sensitivity o f 57 pM, 

and a working range o f 0.12-14.2 nM.
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2.13. Statistical Analysis

2.13.1. Analysis o f follicular fluid measurements

The data accumulated from the analysis o f human follicular fluid samples showed 

skewed distributions (see Appendix HI), and therefore statistical analyses were performed 

on all follicular fluid data using the non-parametric Spearman Rank Correlation (Prism 

Software). This test permitted the comparisons o f two sets o f matched data on data sets, 

which were ranked before being correlated.

2.13.2. Analysis o f data from granulosa cells experiments

The treatments performed on granulosa-lutein cell experiments produced similar 

responses across different cell preparations. However, the absolute basal controls varied 

across granulosa preparations isolated from different patients. Therefore, for the purpose 

o f presentation and discussion all the data were standardised within each experiment, as a 

percentage o f the basal progesterone (untreated) control concentrations, unless otherwise 

stated.

The data obtained from granulosa-lutein cell incubations were normally distributed 

for greater than 4 experiments (Statmate Software), thus for experimental designs where 

n=3, normal distribution was assumed, and statistical analysis was performed on all raw 

data using parametric tests. Parametric statistical analyses were performed using One-way 

analysis o f variance (ANOVA) with repeat measures, with Tukeys post hoc analysis (Prism 

Software). Two-way ANOVA analyses were performed on raw data accumulated from 

three-dimensional experimental designs, to analyse the significance o f treatments across 

experiments. The comparisons o f treatments within experiments, were performed using 

multiple Student’s /-Tests. Probability values o f <0.05 were accepted as significant in all 

experiments described.
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Chapter Three

EFFECTS OF LIPOPROTEINS ON BASAL STEROIDOGENESIS

3.1. INTRODUCTION

Studies in human ovarian tissues suggest, that plasma LDLs are the main source o f  

cholesterol for progesterone synthesis in the corpus luteum (CL) (Carr et al, 1981b), and 

by luteinised granulosa cells (Tureck and Strauss, 1982). Membrane fractions prepared 

from fresh CL tissue obtained from women at various phases o f the menstrual cycle, have 

been used to demonstrate LDL binding. These studies have shown that changes in 

progesterone biosynthesis throughout the cycle are positively correlated with the number 

o f LDL binding sites, with maximum LDL binding observed in the mid-luteal phase 

(Ohashi et al., 1982). Whereas LDLs have been shown to enhance basal progesterone 

synthesis in luteal tissues, the same studies have found HDLs to have no effect, or to 

inhibit basal progesterone production in both CL and human granulosa-lutein cells 

(reviewed in Chapter One). Carr et al (1981b and 1982) suggested that the delivery o f 

LDLs to granulosa cells following vascularisation o f the follicle in the preovulatory phase, 

stimulates progesterone synthesis and secretion. Prior to ovulation, the vascularised cells 

o f the follicle comprising the theca interna, have been shown to utilise LDL-cholesterol for 

androgen synthesis.

The follicular fluid o f mature ovarian follicles, contain high concentrations o f 

progesterone (Perret et al., 1985). However, human follicular fluid aspirated from women 

undergoing IVF contains low or undetectable concentrations o f LDLs, with high 

concentrations o f HDLs (comparable to plasma HDL concentrations) (Simpson et al. 

1980; Perret et al., 1985; Volpe et al., 1991; Jaspard et al., 1996). Whether HDLs bave a 

significant role in the preovulatory follicle, or are present in follicular fluid merely by 

filtration from the plasma via the basal lamina, is unknown. Messenger RNA for 

apolipoprotein Al (the major apolipoprotein o f HDL particles), and an Al-like protein 

have been identified in human granulosa cells (Pascher et al., 1997), although the 

physiological relevance o f this finding remains to be elucidated. This finding does however 

suggest that HDL particles may be assembled within granulosa cells, or that apo A l may be 

secreted into follicular fluid, where HDL particles may be assembled, possibly giving rise
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to lipid poor HDL particles in follicular fluid (Jaspard et al., 1996).

The presence o f HDLs in human follicular fluid, and the fact that luteinised 

follicular cells are exposed to both HDLs and LDLs have prompted investigations into the 

role o f HDLs in human ovarian progesterone synthesis. Receptor studies in luteal tissues 

o f the human and rat, namely the elucidation o f the SR-BI, the HDL-binding scavenger 

receptor (described in Chapter One), adds fiirther support to a possible role for HDLs in 

human ovarian steroidogenesis.

This chapter reports the effects o f both HDLs and LDLs on progesterone synthesis 

by luteinised human granulosa cells, and investigates the signal transduction mechanisms, 

which may be involved in the steroidogenic responses to these lipoproteins. It has been 

shown that non-polar steroids, and their fetty acyl esterified derivatives preferentially 

accumulate within the central lipid core o f HDL and LDL particles (Belanger et al., 1989, 

1990, and 1992; Pahuja and Hochberg, 1995), which may influence the steroidogenic 

response to these lipoproteins. To account for this potentially confounding variable, all 

lipoproteins used in the experiments presented were analysed for endogenous progesterone 

concentrations by progesterone RIA (section 2.12.2), prior to granulosa-lutein cell 

incubations.
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3.2. RESULTS

3.2.1. Analysis o f HDLs isolated from human follicular fluid

Human follicular fluids were electrophoresed on agarose to assess their lipoprotein 

composition. After staining, electrophoresis revealed that human follicular fluids contained 

HDLs as the only lipoprotein class, and did not contain any LDL particles (Figure 3.1).

HDL

LDL

m

Figure 3.1. Agarose gel electrophoresis of human follicular fluids

Human follicular fluids (lanes 4-10) were electrophoresed on pre-cast 1% (w/v) 
agarose gels for 90min at 90V, 30 mA. The gel was dried at 60°C for 30 min prior 
to staining with 0.5% (w/v) Coomassie Blue stain. The gels were destained 
overnight at room temperature. Plasma LDLs (lane 1) and HDLs (lanes 2 & 3) 
were used as markers.

To further analyse the composition o f HDLs contained within follicular fluid, 

HDLs were isolated from two pools o f follicular fluid (10 fluid samples within each pool), 

their apoE composition analysed by heparin-Sepharose affinity chromatography, and 

compared to that o f plasma HDLs (obtained fi-om Dr. R. Skinner, Marischal College, 

Aberdeen, UK). Affinity chromatography o f human plasma HDLs (Figure 3.2) showed 

that the apolipoprotein E-rich peak accounted for approximately 23% o f the total HDL. 

The plasma HDLs contained 6.6% LDL/Lp(a) contamination which was not present in the 

plasma HDLs used in subsequent studies. In the intrafollicular HDL samples (Figure 3.3, 

Panels A and B), the percentage o f apoE-rich HDL particles was <5% o f the total HDL 

(for both samples) (Table 3.1). HDLs from follicular fluid had no detectable LDL or Lp(a) 

particles.
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Figure 3.2. Separation of plasma HDL subfractions on the basis of apoE 

composition using heparin-Sepharose affinity chromatography.

HDL (approximately 1 mg protein/ml) isolated from human plasma (obtained from Dr. R. 
Skinner, Aberdeen, UK) was applied to a column (1cm x 12.5 cm) containing heparin- 
Sepharose (prepared as described in section 2.6.1) in buffer I (5 mM-Tris/HCl/50 mM 
NaCl/25 mM MgCL, pH 7.4). This was followed by the stepwise addition o f buffer II (5 
mM-Tris/HCl/70 mM NaCl) and buffer III (5 mM-Tris/HCl/0.6 M NaCl). 5 ml fractions 
were collected at rate o f Iml/min and the absorbance read at 280nm.
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Figure 3.3. Separation of intrafollicular HDL subfractions on the basis of apoE 

composition using heparin-Sepharose affinity chromatography.

HDL (1 mg protein/ml) samples isolated from human follicular fluid (pooled from 10 
fluids) were loaded onto a heparin-Sepharose column for isolation o f apoE-rich and poor 
fractions (n=2) (see legend for Fig.3.2). Panels A and B each represent the analysis o f 
intrafollicular HDL isolated from two pooled batches o f follicular fluids (each containing 
10 follicular fluid samples).
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Table 3.1. Percentage o f apolipoprotein £  containing HDL particles in total 

HDLs isolated from human follicular fluids.

Pooled Intrafollicular % of total HDL

HDL Sample ApoE Rich ApoE poor LDL, Lp(a)

1 95.5% 4.5% 0%

2 95.4% 4.6% 0%

Total HDLs were isolated from two batches o f follicular fluid samples (each containing 10 
pooled samples) as described in the Chapter Two (section 2.4.3). See legend for Figure
3.2. for detail o f analysis. The profiles generated from aflSnity chromatography (Figure
3.3, Panels A and B) were used to calculate the area under each peak, which was 
subsequently presented as a percentage o f the whole HDL fraction {i.e., total peak areas 
combined).

3.2.2. Concentration-dependent effects o f intrafollicular HDLs and plasma HDLs on basal

progesterone synthesis and cAMP accumulation

Plasma lipoproteins assayed for endogenous progesterone concentrations had 

<500 pM progesterone (below the detection limit o f the progesterone assay) irrespective 

o f (i) whether the donor was male or female, (ii) the stage o f the menstrual cycle from 

which plasma was collected from female donors. Intrafollicular HDLs contained 

progesterone concentrations o f 0.25±0.07 pM (meaniSD, n=3) at 100 pg/ml protein 

(2.5±0.7 nmol progesterone/mg HDL protein, assuming linearity).

In all granulosa-lutein cell experiments (unless otherwise stated), granulosa cells 

were cultured for 72h (prior to experiment) with serum-supplemented medium, to induce 

lutéinisation. Granulosa-lutein cells were then incubated on day 3 with lipoproteins in 

serum-free medium. To assess the abilities o f HDLs isolated from follicular fluids and 

plasma to stimulate progesterone production, luteinised granulosa cells were incubated 

with HDLs isolated from follicular fluid, and plasma from females and males, at equal 

protein concentrations (25-400 pg protein/ml) at 37®C for 24h. Apolipoprotein A l (main 

apolipoprotein o f HDLs) concentrations are approximately 140 mg/dl in human plasma 

(Miller and Miller, 1975; Schaefer, 1991; Volpe et al., 1991), with vitrually identical apo 

A l concentrations measured in corresponding follicular fluids (Volpe et al., 1991; Jaspard 

et al., 1996). Thus, the protein concentration range applied to the experiments presented in 

this chapter, did not exceed physiological concentrations o f HDLs. At the end o f the
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incubation period o f each experiment, granulosa-lutein cells were 97.6±0.9% viable 

(meantSD, n=5), and 96.3±1.2% viable following staining o f cells with 10 pM Propidium 

iodide and 0.4% Trypan blue respectively.

All three HDL samples elevated progesterone production in a concentration- 

dependent manner (Figure 3.4). The progesterone responses attained significance at 

>50 pg HDL protein/ml (P<0.05, compared to basal progesterone concentrations in the 

absence o f lipoprotein, One-Way ANOVA, with Tukey’s post hoc analysis). A maximum 

2-3 fold elevation o f progesterone concentrations over 24h was achieved for each HDL 

preparation at 100 pg protein/ml, with no significant difference in the progesterone 

responses between the HDL samples isolated from the three different sources 

(intrafollicular, plasma from females and males). However, the inherent progesterone 

concentration o f intrafollicular HDLs o f 0.25±0.07 pM accounted for approximately 30% 

o f the increase in progesterone stimulated by intrafollicular HDL at 100 pg/ml protein.

The ratio o f cholesteroliprotein for each HDL sample varied slightly. 

Intrafollicular HDLs had a cholesterohprotein ratio o f approximately 0.40, i.e. for every 

100 pg protein presented to cells there was between 40 pg cholesterol. In HDLs isolated 

from plasma from females and males, the cholesterohprotein ratios were 0.59, and 0.53 

respectively. Despite their lower cholesterol content, there was no significant difference 

between the progesterone response to intrafollicular HDLs compared to that o f HDLs 

isolated from plasma from males or females (at equivalent protein concentrations)

Intrafollicular HDLs, and HDLs isolated from the plasma o f females and males, 

each stimulated cAMP accumulation in a concentration-dependent manner (Figure 3.5). 

Both plasma HDL samples from plasma from males and females, significantly stimulated 

basal cAMP accumulation at 50-300 pg protein/ml (P<0.05; One-way ANOVA, with 

Tukey’s post hoc analysis). Male plasma HDLs showed a maximum 1.5-fold stimulation 

o f cAMP at 200 pg protein/ml (f<0.05, compared to basal). Female plasma HDLs 

showed a maximum 2-fold stimulation o f cAMP at 300 pg protein/ml (P<0.05, compared 

to basal). Intrafollicular HDL significantly stimulated basal cAMP accumulation at all 

protein concentrations with maximum 2.8-fold stimulation o f cAMP at 50 pg protein/ml 

(P<0.01).
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Figure 3.4. Concentration-dependent effects of HDLs isolated from intrafollicular 

fluid, and plasma from females and males, on progesterone production 

by human granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated on day 3 o f culture for 24h in serum-free medium with 25-400 pg HDL 
protein/ml, where HDLs had been isolated from pooled follicular fluid ( ■  ), and plasma 
from females ( •  ) and males ( O ). Incubations were performed 37°C in a humidified 
atmosphere o f air containing 5% CO2. Data presented are mean (±SE) percentages of 
basal progesterone production for 3 experiments with quadruplicate determinations in each 
experiment. The mean (±SE) basal progesterone concentration was 0.7 ±0.2 nmol/10̂  
cells.24h. At >50 pg protein/ml, all HDL samples significantly stimulated progesterone 
(f<0.05 compared to the concentration o f progesterone in the absence o f lipoproteins; 
One-way ANOVA, Tukey’s post hoc test). Half error bars were presented to distinguish 
the size o f the errors o f each measurement for each sample.
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Figure 3.5. Concentration-dependent effects of HDLs isolated from intrafollicular 

fluid, and the plasma from females and males, on cAMP production 

by human granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-free medium with 25-400 pg HDL 
protein/ml, where HDLs had been isolated from pooled follicular fluid ( ■  ), and plasma 
from females ( •  ) and males ( O ). Data presented as mean (±SE) percentages o f basal 
cAMP production for 3 experiments with quadruplicate determinations in each experiment. 
The mean (±SE) basal cAMP concentration was 13 ±4 frnol/10  ̂ cells.24h. At >50 pg 
protein/ml, all HDL samples significantly stimulated progesterone (?<0.05 compared to 
the concentration o f progesterone in the absence o f lipoproteins; One-way ANOVA, 
Tukey’s post hoc test). Half error bars were presented to distinguish the size o f the errors 
of each measurement for each sample.
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Overall, all HDLs samples significantly stimulated both basal progesterone and 

cAMP concentrations. Moreover, plasma HDLs appeared as effective as HDLs isolated 

fi"om follicular fluid, in stimulating basal progesterone production by human granulosa- 

lutein cells. Therefore, the following series o f experiments comparing the responses to 

both HDLs and LDLs, were performed using plasma lipoproteins.

3.2.3. Concentration-dependent effects o f plasma HDLs and LDLs on basal progesterone 

svnthesis and cAMP accumulation

To con^are the effects o f HDLs and LDLs on progesterone synthesis, granulosa- 

lutein cells were cultured for 72h (prior to experiment) with serum-supplemented medium. 

On day 3, granulosa-lutein cells were then incubated for 24h in serum-free medium 

containing plasma HDLs and LDLs. The comparisons between HDLs and LDLs were 

performed at equal protein (0-400 pg/ml), and equal cholesterol (0-400 pg/ml) 

concentrations. The plasma concentration o f LDL-associated apoBioo is 95 mg/dl 

(Schaefer, 1991). Thus, the protein concentration ranges o f HDLs (described in section

3.2.2) and LDLs applied to the experiments presented in this chapter, were within their 

physiological plasma concentration ranges in vivo.

On the basis o f protein content (Figure 3.6), both HDLs and LDLs significantly 

increased basal progesterone concentrations at >50 pg protein/ml (f<0.05 compared to 

progesterone production in the absence o f lipoproteins; One-Way ANOVA, with Tukey’s 

post hoc analysis) over 24h. A maximum stimulation o f progesterone production (2-fold 

relative to control) was achieved for both lipoproteins at >100 pg protein/ml. Both HDLs 

and LDLs significantly stimulated cAMP concentrations over 24h (Figure 3.7) with 

maximum 1.5-2 fold stimulation at >50 pg protein/ml (P<0.05 compared to progesterone 

production in the absence o f lipoproteins; One-Way ANOVA, with Tukey’s post hoc 

analysis). There were no differences in the cAMP responses between HDLs or LDLs.

HDLs and LDLs have general cholesterohprotein ratios o f 2:5 and 1:1 respectively 

(described in Chapter 1). Thus at equal protein concentrations, LDL could present at least 

twice the amount o f cholesterol to the granulosa cells compared to HDLs. To account for 

this, luteinised granulosa cells were incubated with HDLs and LDLs at equal cholesterol 

concentrations and progesterone concentrations were determined at the end o f incubation 

(Figure 3.8). At cholesterol concentrations >25 pg/ml, both HDLs and LDLs significantly
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increased basal progesterone concentrations. LDLs showed a 1.8-fold stimulation o f basal 

progesterone at 100-400 pg LDL cholesterol/ml (P<0.05 compared to progesterone 

production in the absence o f lipoproteins; One-Way ANOVA, with Tukey’s post hoc 

analysis). HDLs showed a 2.5-fold increase o f basal progesterone concentrations at 100- 

400 pg HDL cholesterol/ml (P<0.01). The progesterone responses to HDLs were 

consistently higher than the progesterone responses to LDLs at all cholesterol 

concentrations, but attained significance at 100 pg cholesterol/ml (P<0.05), compared to 

the progesterone response to LDLs (at 100 pg LDL cholesterol/ml).

3.2.4. The acute (2. 4. and 8h) and chronic (24hl effects o f HDLs and LDLs on basal

progesterone svnthesis

To investigate the acute and chronic effects o f HDLs and LDLs on progesterone 

production, granulosa-lutein cells were cultured for 72h (prior to experiment) with serum- 

supplemented medium On day 3, granulosa-lutein cells were then incubated for 2, 4, 8, 

and 24h in serum-fi-ee medium containing plasma HDLs and LDLs.

Basal progesterone concentrations in the absence o f lipoproteins increased almost 3-fold 

firom 2 to 24h (Figure 3.9). Over 2, 4, and 8h, neither HDLs nor LDLs significantly 

enhanced basal progesterone production. However at 24 h, progesterone concentrations 

in the presence o f HDLs and LDLs (100 pg protein/ml) were increased by 4-fold (P<0.01; 

One-Way ANOVA, with Tukey’s post hoc analysis) and 5-fold (P<0.05) respectively, 

compared to basal progesterone in the absence o f lipoproteins at 24h.
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Figure 3.6. Concentration-dependent effects of plasma HDLs and LDLs at 

equivalent protein concentrations, on progesterone production by 

human granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-free medium containing 25-400 pg 
protein/ml of plasma HDLs ( •  ) or plasma LDLs ( ■  ). Data presented as mean (±SE) 
percentages o f basal progesterone production for 8 experiments with quadruplicate 
determinations in each experiment. The mean (±SE) basal progesterone concentration was
3.1 ±1.9 nmol/10̂  cells.24h. HDLs and LDLs significantly stimulated basal progesterone 
production at ^ 5  pg protein/ml (P<0.05 w.r.t basal progesterone production in the 
absence o f lipoprotein; One-way ANOVA; Tukey’s post hoc test). Half error bars were 
presented to distinguish the size o f the errors o f each measurement for each sample.
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Figure 3.7. Concentration-dependent effects of plasma HDLs and LDLs at 

equivalent protein concentrations on cAMP concentrations by human 

granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-free medium containing 25-400 pg 
protein/ml o f plasma HDLs ( #  ) or plasma LDLs ( ■  ). Data presented as mean (±SE) 
percentages o f basal progesterone production for 5 experiments with quadruplicate 
determinations in each experiment. The mean (±SE) basal cAMP concentration was 27 ±4 
finol/10^ cells.24h. HDLs and LDLs significantly stimulated basal cAMP production at 
^ 5  pg protein/ml (P<0.05 w.r.t basal cAMP concentration in the absence o f lipoprotein; 
One-way ANOVA, Tukey’s post hoc test). Half error bars were presented to distinguish 
the size o f the errors o f each measurement for each sample.
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Figure 3.8. Concentration-dependent effects of plasma HDLs and LDLs at 

equivalent cholesterol concentrations, on progesterone production by 

human granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-free medium containing 25-400 pg 
protein/ml o f plasma HDLs ( •  ) or plasma LDLs ( ■  ). Data presented as mean (±SE) 
percentages o f basal progesterone production for 5 experiments with quadruplicate 
determinations in each experiment. The mean (±SE) basal progesterone concentration was
1.5 ±1.0 nmol/10̂  cells.24h. HDLs and LDLs significantly stimulated basal progesterone 
production at ^ 5  pg protein/ml (f<0.05 w.r.t basal progesterone production in the 
absence o f lipoprotein; * P<0.05, compared to the progesterone response to LDLs at the 
100 pg cholesterol/ml; One-way ANOVA; Tukey’s post hoc test).
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Figure 3.9. The acute (2 and 4 and 8h) and chronic (24 h) effects of HDLs and 

LDLs on basal progesterone production.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 2, 4, 8 and 24h on day 3 o f culture, in serum-free medium containing 5mM 
Tris buffer (lipoprotein vehicle) (□ ), 100 pg HDL protein/ml ( #  ) or 100 pg LDL 
protein/ml (■  ). Data presented as mean (±SE) pmol/10^ cells, for 3 experiments, with 
quadruplicate determinations in each experiment. (* P<0.05, ** P<0.01 w.r.t basal in the 
absence o f lipoprotein at 24h; One-way ANOVA, Tukey’s post hoc test). Absolute 
progesterone concentrations were presented so that the progressive increase in 
progesterone production could be depicted over 24h. Half error bars were presented to 
distinguish the size o f the errors o f each measurement for each sample.
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3.2.5. The effect o f protein kinase C down-regulation on the progesterone response to

HDLs and LDLs bv human granulosa-lutein cells.

Acute exposure o f human granulosa-lutein cells to the tumour-promoting phorbol 

ester, 4p-phorbol-12-myristate, 13-acetate (4P-PMA) has previously been confirmed to 

activate protein kinase C (PKC), whereas the inert stereoisomer 4a-PMA, has no 

significant effect on the translocation o f PKC fi-om the cytosolic to the membrane fi-action 

o f these human ovarian cells (Abayasekara et al., 1993). More importantly, chronic 

exposure (>18h) to 100 nM 4p-PMA was demonstrated to down-regulate PKC activity by 

approximately 90% (Abayasekara et al., 1993) in human granulosa-lutein cells.

In the present study, granulosa-lutein cells were cultured for 48h (prior to 

experiment) with serum-supplemented medium. On day 2, granulosa-lutein cells were pre

treated for 20h with 100 nM to 4P-PMA dissolved in 0.1% DMSG, to down-regulate 

PKC activity and assess the impact o f this down-regulation on the progesterone response 

to plasma HDLs and LDLs. Cells were also pre-treated with 4a-PMA and 0.1% DMSG, 

used as controls. Granulosa-lutein cells were then treated for a further 24h with either 

HDLs or LDLs (100 pg protein/ml).

Pre-treatment o f human granulosa-lutein cells for 20h with 0.1% DMSG had no 

effect on basal progesterone concentrations, (105±14%, compared to cells incubated in 

the absence o f DMSG). The increase in progesterone concentrations fi-om cells stimulated 

with HDLs and LDLs following pre-exposure to 4a-PMA, did not differ fi-om the 

increases with either lipoprotein in cells pre-treated Avith 0.1% (v/v) DMSG alone (Figure 

3.10). In cells pre-treated for 24h with vehicle alone [<0.1% (v/v) DMSG], both HDL and 

LDL increased progesterone concentrations by 89±29% and 110±45% respectively 

(P<0.05; Gne-Way ANGVA, with Tukey’s post hoc analysis). Following pre-treatment o f 

cells with 4p-PMA, basal progesterone output in the absence o f lipoproteins was enhanced 

by 39±8% (P<0.05) relative to cells pre-treated with DMSG or 4a-PMA. When 

challenged with HDLs and LDLs, progesterone concentrations in 4p-PMA pre-treated 

cells were enhanced by 111 ±48% (P<0.05) and 180±52% (P<0.05) respectively. There 

were no significant differences in the progesterone responses to HDLs and LDLs following 

pre-treatment with 4p-PMA compared to the effects o f HDLs and LDLs on cells pre

treatment with either 0.1% (v/v) DMSG or 4a-PMA.
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Figure 3.10. The effects of PMA pre-treatment on basal progesterone response to 

HDLs and LDLs by human granulosa-lutein cells

Granulosa-lutein cells were cultured for 48h in serum-supplemented medium, and 
incubated for 20h on day 2 o f culture in serum-free medium containing 0.1% (v/v) DMSO, 
100 nM 4a-PMA or 100 nM 4|3-PMA. The cells were then incubated on day 3 o f culture
for 24h in serum-free medium containing 5 mM tris-buffer (lipoprotein vehicle) I 1 or
100 pg protein/ml o f HDL L— I and LDL I 1 . Data presented as mean (±SE)
percentage for 6 experiments with quadruplicate determinations in each experiment. The 
mean (±SE) basal progesterone concentration was 141±138 nmol /lO  ̂ cells.24h. 
(* P<0.05 w.r.t DMSO pre-treatment and no subsequent lipoprotein challenge; One-way 
ANOVA, Tukey’s post hoc test).

119



3.3. DISCUSSION

The patients from which granulosa cells are obtained, undergo hyperstimulation 

with gonadotrophin in vivo, 36h prior to oocyte retrieval (described in section 2.2.1). 

Thus, the granulosa cells obtained may not be strictly producing basal concentrations o f 

progesterone, and could display steroid responses characteristic to gonadotrophin- 

stimulated cells. Hence, in the studies presented in this chapter, basal progesterone 

production simply refers to the concentrations o f progesterone produced by granulosa- 

lutein cells incubated in the absence o f agonist or lipoprotein treatment.

3.3.1. Analysis o f lipoproteins isolated from human follicular fluids

Analysis o f total lipoprotein isolated from follicular fluid by agarose gel 

electrophoresis and heparin-Sepharose afiBnity chromatography revealed that human 

follicular fluid contained no detectable LDL particles. Moreover, the latter technique 

demonstrated that intrafollicular HDLs include a low proportion o f apolipoprotein E 

containing particles compared to plasma HDL particles. This finding is consistent with 

earlier studies in which Western blot analysis o f follicular fluid HDLs revealed that 

intrafollicular HDLs have a lower apoE content compared to serum HDLs, in human 

(Brown et al., 1989) and bovine follicular fluid (Grummer and Carroll, 1988). In the 

present study, the greater proportion o f apoE-poor HDL particles measured in human 

follicular fluid suggests that apoAI and AH containing HDL particles, thought to be 

contained in the apoE-poor peak (Wilson et al., 1992) are dominant in follicular fluid. In 

keeping with this proposal, a recent study has shown that follicular fluid contains a high 

proportion o f prePi-HDL particles (Jaspard et al., 1996), which contain apo Al as the sole 

apolipoprotein (Jaspard et al., 1997).

The physiological significance o f low apoE content in follicular fluid is unknown. 

The expression o f apoE has been shown to increase in rat thecal cells during follicular 

development (Nicoisia et al., 1992; Polacek et al., 1992), and has been shown to increase 

in granulosa cells following treatment with gonadotrophins, dbcAMP and phorbol esters 

(Brown et al., 1989; Wyne et al., 1989). Contradictory to the stimulatory effects o f apoE 

on steroid synthesis described above, apoE containing HDLs have been shown to inhibit 

androgen synthesis by thecal cells (Dyer et al., 1988; Polacek et al., 1992). Moreover, 

hCG has been shown to induce a decrease in apoE protein synthesis and mRNA content by
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human granulosa-lutein cells (Beckmann et al., 1991). Beckmann et al., (1991) 

demonstrated a positive correlation between apoE content and intracellular cholesterol 

content, with a significant increase in apoE content in the presence o f aminoglutethimide 

(an inhibitor o f the cytochrome P450cscc enzyme complex). These authors also 

demonstrated increased LDL uptake by human granulosa cells in response to 

aminoglutethimide treatment, and thus proposed that increases in apoE expression are 

correlated with increased LDL uptake by human granulosa-lutein cells. Despite the 

numerous studies characterising apoE expression in ovarian cells, at present a role for 

apoE in ovarian steroidogenesis remains unclear. HDLs were isolated fi*om follicular fluid 

and plasma to investigate whether their compositional differences affected their actions on 

progesterone production by human granulosa-lutein cells.

3.3.2. The effects o f intrafollicular HDLs and plasma HDLs on progesterone production

The studies presented in this chapter have shown that both intrafollicular HDLs 

and plasma HDLs significantly stimulate basal progesterone synthesis by human luteinised 

granulosa cells. The progesterone response to plasma HDLs is consistent with the 

increases in progesterone production reported for total plasma HDLs (Enk et al., 1987) 

and more recently, the HDL subfraction, HDL3 (Azhar et al., 1998b) by luteinised human 

granulosa cells. However, the present study is the first to report a stimulatory effect o f 

intrafollicular HDLs on progesterone production by human granulosa-lutein cells. This 

stimulatory effect o f intrafollicular HDLs is contradictory to an earlier study, which 

demonstrated that intrafollicular HDLs had no effect on progesterone production in short 

term granulosa cell cultures (Endersen et al., 1990). In contrast, the data presented in this 

chapter is supported by previous studies, which have demonstrated that follicular fluid 

stimulates progesterone production by human granulosa-lutein cells (Bar-Ami et al., 

1993), and induces lutéinisation in human, murine, and porcine granulosa cells (Ledwitz- 

Rigby, 1989; Bar-Ami and Channing, 1990; Bar-Ami et al., 1991). However, these 

authors did not address the specific stimulatory fectors, which may be enhancing 

progesterone production, including the important observation that follicular fluid contains 

between 4-8 pM progesterone (Volpe et al., 1991), as well as numerous other steroid 

hormones (Andersen, 1997), which may affect the steroidogenic response o f granulosa- 

lutein cells to follicular fluid.

While the low apoE content o f intrafollicular HDLs compared to plasma HDLs
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does not appear to influence the progesterone response. Intrafollicular HDLs do contain 

endogenous progesterone, which may influence their ability to stimulate progesterone 

production. The increases in progesterone concentrations in the spent medium o f  

luteinised granulosa cells incubated with intrafollicular HDLs, could be due to endogenous 

progesterone added to the medium via the lipoproteins, without affecting the steroidogenic 

activity o f these cells. Alternatively, progesterone displays an autocrine effect upon 

granulosa cells, such that low endogenous progesterone concentrations within the 

lipoprotein particles, may amplify further progesterone synthesis by human luteinised 

granulosa cells.

Despite these valid proposals, the results presented in this chapter support a 

stimulatory role for intrafollicular HDLs in progesterone production by human granulosa 

cells for the following reasons. Firstly, the increase in progesterone output from the 

granulosa cells was greater than the sum o f the basal progesterone concentration (in the 

absence o f lipoprotein), plus the inherent progesterone concentrations o f intrafollicular 

HDL. Secondly, if the increase in progesterone concentrations were just additive effects 

o f progesterone to the medium, then doubling the protein concentration should 

consistently increase progesterone concentrations, and a linear progesterone response to 

intrafollicular HDLs would be expected. However, the data presented shows maximal 

stimulation o f progesterone at 100 pg protein/ml (as obtained for plasma HDLs). This 

saturating effect o f HDLs on progesterone production suggests a receptor mediated or 

saturable enzymatic effect may be occuring. If progesterone was added directly to the 

medium on the addition o f lipoproteins to the granulosa cells, then progesterone 

concentrations would be present immediately in culture, resulting in high concentrations o f 

progesterone measured acutely, i.e., 0-2h. However, due to limited follicular fluid 

samples, the acute progesterone response to intrafollicular HDLs was not investigated.

Although, the studies reported in this chapter confirmed that intrafollicular HDLs 

stimulated progesterone production by luteinised granulosa cells, the endogenous 

progesterone content o f intrafollicular HDLs, and the possible autocrine effects o f this 

progesterone, made it difficult to interpret the significance o f progesterone response to 

intrafollicular HDLs. An important point to emphasise is that differences in HDL 

composition between intrafollicular and plasma HDLs, may affect their actions on human 

granulosa lutein cells.
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The fact that following vascularisation o f the CL in vivo, luteinised granulosa cells 

are exposed to plasma lipoproteins, suggests that the basal progesterone response to 

intrafollicular HDLs may not be relevant to the cell model used in this study. A role for 

intrafollicular HDLs can only be postulated in the preovulatory follicle and in non- 

luteinised granulosa cells, which are exposed to intrafollicular HDLs. Therefore, the 

subsequent studies reported in this chapter, investigated the effects o f plasma HDLs and 

LDLs on progesterone production by granulosa-lutein cells.

3.3.3. The effects o f plasma HDLs and LDLs on progesterone production bv human 

granulosa-lutein cells

The conq)arison o f HDLs and LDLs at equal protein concentrations revealed that 

treatment o f granulosa-lutein cells with either lipoprotein resulted in similar increases in 

progesterone production over 24h. The stimulation o f progesterone by HDLs and LDLs is 

a chronic response (requiring at least 24h incubation with HDLs or LDLs), suggesting 

some sort o f gene expression may be involved in the steroidogenic response to these 

lipoproteins. HDLs and LDLs may increase the flux o f cholesterol through the 

steroidogenic pathway and possibly the regulation o f genes encoding;

(i) the steroidogenic enzymes involved in progesterone synthesis,

(ii) receptor expression, i.e., LDL receptor synthesis or possibly SR-BI receptor up- 

regulation, given that the SR-BI receptor, has been localisation to ovarian tissues 

o f the rat (Acton et al., 1996; Azhar et al., 1998), and humans (Murao et al., 

1997), associated with enhanced cholesteryl uptake (Azhar et a l ,  1998a and b; Gu 

et al., 1998; Connelly et al., 1999).

(iii) cholesterol transport proteins such as StAR, involved with cholesterol delivery 

across the mitochondrial membranes.

If transcriptional regulation is required then the treatment o f granulosa-lutein cells with 

lipoproteins in the presence o f actinomycin D should abolish the chronic progesterone 

response to HDLs and LDLs. Likewise, the treatment o f granulosa cells with lipoproteins 

in the presence o f cycloheximide could reveal whether or not protein synthesis is required.

At equal protein concentrations (as used in the present study) there would be 

approximately four HDL particles to every LDL particle. Therefore, at equal molar 

concentrations, it may be proposed that LDLs are better substrates for progesterone
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synthesis, given that a smaller number o f HDL particles would be presented to the 

granulosa-lutein cells, compared to LDLs. By referring to Fig. 3.6, it can be observed that 

at approximately equal molar concentrations i.e., 200 pg LDL-protein/ml versus 50 pg 

HDL-protein/ml, there was no significant difference in stimulation o f progesterone 

synthesis between HDLs and LDLs.

Azhar et al. (1998a) recently reported an equipotent stimulation o f progesterone 

production by human granulosa cells incubated with HDLs and LDLs at equal cholesterol 

ester concentrations over 24h. Contradictory to the work o f Azhar et al., (1998a), the 

present study has shown that at equivalent cholesterol concentrations, HDLs resulted in 

greater stimulation o f progesterone production than LDLs. This observation may have 

several explanations. Firstly, the differences in progesterone production may be due to the 

different mechanisms by which HDL and LDL cholesterol are taken up by cells. In ovarian 

tissue, the LDLs are taken up by receptor-mediated endocytosis (discussed in chapter 

one), whereas HDLs are thought to be involved in selective lipid uptake (Reaven et al,

1995), possible by SR-BI receptor binding (Mizutani et al., 1997; Reaven et al., 1998). 

However, the precise mechanism by which HDL delivers cholesterol to tissues in humans 

is not fully understood. When comparing effects o f HDLs vs LDLs, the different 

mechanisms and rates by which cholesterol is taken up by these particles could influence 

their ability to stimulate progesterone synthesis.

The second explanation for differing progesterone responses to HDLs and LDLs at 

equal cholesterol concentrations, may be that cholesterol utilisation is not the only basis o f 

the steroidogenic response o f HDLs on human granulosa-lutein cells. In support o f this, 

Azhar et al., (1998a), also reported that HDLs enhanced basal progesterone 

concentrations, however, their CE uptake studies revealed that HDL3-CE taken up by 

granulosa cells, were not utilised in steroidogenesis (Azhar et al., 1998a) without agonist 

stimulation. A similar study o f progesterone production by rat granulosa cells in réponse 

to HDLs, revealed that HDL3-CE were not utilised unless cells were treated with dbcAMP 

to stimulate steroid synthesis (Reaven et al., 1995). This findings o f Azhar et al., (1998a) 

and Reaven et al., (1995), together with the observations reported in this chapter, suggests 

that the ability o f HDLs to stimulate progesterone compared to LDLs, may involve 

mechanisms other than cholesterol utilisation. In the present chapter, although HDLs and 

LDLs presented to granulosa-cells at equal cholesterol content, had undetectable levels o f  

progesterone, these lipoproteins may still contain endogenous steroid fatty-acyl esters,
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which may influence progesterone synthesis.

Tritiated pregnenolone and dehydro-epiandrosterone (DHEA) are converted to 

long-chain fatty acyl esters in human plasma (Lavellee et al., 1996a; Provost et al., 1997), 

and these steroid esters have been shown to accumulate in vitro, in plasma HDLs and 

LDLs (Roy and Belanger, 1989 and 1991; Belanger et al., 1992; Lavallee et al., 1996b). 

Moreover, plasma lipoproteins containing fatty acyl esters o f pregnenolone and DHEA 

have been shown to stimulate steroidogenesis in ovarian granulosa cells and adrenal 

glomerulosa-fasiculata cells (Provencher et al., 1992; Roy and Belanger, 1992). If the 

plasma lipoproteins used in the present study contain endogenous steroid fatty acyl esters, 

then following lipoprotein incubation with granulosa cells these steroid esters may be taken 

up by the granulosa cells, and hydrolysed intracellularly to free pregenenolone or DHEA. 

Furthermore, pregnenolone could by-pass the rate limiting cytochrome P450scc enzymatic 

step in ovarian steroidogenesis, thus increasing progesterone synthesis.

In the present study, the plasma lipoproteins used had <500 pM progesterone. 

Given that the antibody used in the progesterone RIA had <0.1% cross-reactivity with 

pregenolone, and the detection limit o f the progesterone assay is 500 pM, then 

pregnenolone would only be detectable by the progesterone RIA at a concentration o f 500 

nM. Thus, endogenous pregnenolone may be present as concentrations undetectable by 

the progesterone RIA. Precise concentrations o f pregnenolone would have to be 

confirmed using a specific antibody. Alternatively, the non-polar steroids o f the 

lipoproteins could be extracted from the Hpoproteins, and subjected to HPLC analysis for 

determination o f the fatty acid moiety o f the steroid fatty acyl esters (Lavallee et a l ,  

1996). However, such analyses could not be performed in the present study.

3.3.4. The effects o f HDLs and LDLs on cAMP accumulation

Both intrafollicular HDLs, and plasma HDLs and LDLs stimulated significant 

increases in cAMP concentrations by human granulosa-lutein cells. The experiments 

carried out to investigate cAMP, were performed in the absence o f a cyclic 5’nucleotide 

phosphodiesterase inhibitor such as iso-butylmethylxantine (IBMX). While cAMP 

accumulation can be determined acutely in the absence o f a phosphodiesterase inhibitor, 

chronic stimulations (as presented in this thesis) require an inhibitor, so precise net 

accumulation o f cAMP can be determined. Therefore, the increases in cAMP accumulation 

following the treatment o f cells with HDLs and LDLs could be due to affects on the
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5’nucleotide phosphodiesterase, whereby decreased enzyme activity would result in 

increased cAMP concentrations, and vice versa. As such, the interpretation(s) o f the 

cAMP data is limited. However, the increases in cAMP concentrations associated with 

increase progesterone production are consistent with a role for cAMP as the major second 

messenger involved in stimulation o f progesterone synthesis (discussed in chapter one). 

Moreover, this suggests the involvement o f the cAMP-adenylyl cyclase (AC) pathway in 

the progesterone response to LDLs as described previously (Golos et aL, 1986 and 1987). 

The data presented in this chapter also suggests that cAMP is involved in the progesterone 

response to HDLs. By enhancing cAMP and possibly AC activity, the progesterone 

responses to both HDLs and LDLs may involve PKA activation. If so, then the effects o f 

HDLs and LDLs on progesterone production by granulosa cells could be investigated in 

the presence o f the PKA inhibitor, H89. H89 should abolish the effects o f HDLs and 

LDLs if this is the sole pathway through which they stimulate progesterone production.

In contrast to direct effects on phosphodiesterase activity, HDLs and LDLs may 

also affect cAMP accumulation by modulating AC activity. Increases in cholesterol 

incorporation into the plasma membrane have been shown to diminish the coupling 

efficiency between receptors and AC due to increased plasma rigidity (Alam and Alam, 

1986; Carmena et al., 1991; Gimpl et al., 1997). Cholesterol enrichment o f membranes 

also affects G-protein expression and signalling, thus modulating their subsequent 

targeting o f membrane proteins (Pomerantz et al., 1997). HDL- and LDL-associated 

cholesterol may affect membrane fluidity o f granulosa cells, and may induce changes in 

conformation o f membrane proteins i.e., receptors, therefore affecting Gs signalling 

associated with the modulation o f AC activity, and cAMP generation. This proposal could 

be tested by loading the plasma membrane o f granulosa-lutein cells with cholesterol, and 

assessing changes in (i) membrane fluidity using a hydrophobic fluorescent probe such as 

1,6-diphenyl-1,3,5-hexatriene (DPH) and assessing changes in fluorescent polarisation 

using spectrofluorometry, and (ii) AC activity, by measuring the rate o f cAMP formation 

fi’om [^H]-ATP. Given that cholesterol is easily shifted in and out o f the plasma membrane 

during intracellular cholesterol trafficking, a more rigid approach may be to alter 

membrane fluidity by incorporating unsaturated fatty acids such as arachidonic acid into 

the plasma membranes, and measuring AC activity (Alam and Alam, 1986).

HDLs are thought to initiate multiple signalling pathways in cells o f the vasculature 

(Cockerill and Reed, 1998), including PKC activity and PLC mediated PI hydrolysis.
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However, the modulation o f such signalling pathways by HDL in ovarian cells are at 

present unclear. To further elucidate the signalling pathway(s) involved in the 

progesterone response to HDLs and LDLs, a role for PKC, a calcium-sensitive, 

phospholipid-dependent protein kinase was investigated.

3.3.5. The effects o f protein kinase C down regulation on the progesterone responses to

HDLs and LDLs

PKC has been shown to be present in human ovarian cytosol (Clarke et al., 1983) 

and in luteinised human granulosa cells (Abayasekara et a i ,  1993). Tumour-promoting 

phorbol esters i.e., 4^-PMA, have been reported to have stimulatory or inhibitory effects 

(Hofeditz et al., 1988) upon steroid synthesis in different steroidogenic cells. 4P-PMA, a 

PKC activator, inhibits progesterone production in agonist-stimulated luteal cells o f the rat 

(Sender-Baum and Rosberg, 1987), cow (Benhaim et al., 1987) and sheep (Wiltbank et 

al., 1990), and humans (Abayasekara et al., 1993). Abayasekara et al., (1993), have 

reported that prolonged exposure o f granulosa-lutein cells i.e., 20h, to 4p-PMA leads to 

>90% loss o f PKC activity, associated with an increase in basal progesterone production.

The down-regulation o f PKC reported in this chapter, enhanced basal progesterone 

production by granulosa-lutein cells in the absence o f lipoproteins, consistent with 

previous reports o f a tonic inhibitory effect o f PKC on basal progesterone production 

(Abayasekara et ah, 1993). Moreover, despite the elevation o f progesterone 

concentrations in cells incubated with lipoproteins following PKC down-regulation, the 

fold-response to HDLs and LDLs did not differ from those observations in cells pre

treated with 4a-PMA or DMSO vehicle, suggesting that in human granulosa-lutein cells, 

PKC activity is not required for the progesterone responses to either lipoprotein.

It has been shown that the translocation o f cholesterol from cholesterol ester pools 

to the plasma membrane for selective lipid removal by HDLs is regulated by PKC. It has 

been speculated that HDLs may remove cholesterol from steroidogenic tissues, in which 

case the inhibition o f PKC may prevent the removal o f cholesterol from the cell, and may 

enhance progesterone concentrations, due to increased availability o f intracellular 

cholesterol for steroidogenesis. However, as the down-regulation o f PKC does not 

influence increase the HDL progesterone response, this suggests that either cholesterol 

removal is not occuring in human granulosa-lutein cells or, cholesterol translocation
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associated with cholesterol removal within this cell model, may involve signalling pathways 

other than PKC.

In summary, despite the differences in apoE content between HDL isolated from 

plasma and follicular fluid, HDLs isolated from both sources can enhance progesterone 

production by human granulosa-lutein cells as effectively as LDLs. Stimulation o f 

progesterone by HDLs and LDLs is a chronic effect, requiring between 8 and 24h 

incubation Avith granulosa-lutein cells, although significant increases in progesterone 

production was measured over 24h. The progesterone responses to HDLs and LDLs are 

associated with increases in cAMP concentrations, but appear to be independent o f PKC 

activity. At equal cholesterol concentrations, HDLs stimulated progesterone synthesis to a 

greater extent than LDLs. The possible reasons for this difference in potency, and the 

effects o f lipoproteins on agonist-stimulated progesterone production are explored in the 

next chapter.
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Chapter Four

EFFECTS OF LIPOPROTEINS ON AGONIST-STIMULATED 

STEROIDOGENESIS

4.1. INTRODUCTION

There have been many reports o f interactive stimulation o f steroid synthesis by 

lipoproteins and various hormones and stimulatory agents, by ovarian and adrenal 

steroidogenic tissues. Studies have reported synergistic elevation o f hCG- or LH- 

stimulated progesterone by LDLs in the human CL (Carr et al., 1982), and human 

granulosa-lutein cells (Tureck and Strauss, 1982; Golos et al., 1985; Parinaud et al., 1987; 

Enk et al., 1987). Moreover, LDL-stimulated progesterone synthesis is thought to involve 

increases in intracellular cAMP (Golos and Strauss, 1985; Golos et al., 1985 and 1986a), 

and LDL has been shown to interact synergistically with the analogue o f cAMP, dibutyryl 

cyclic AMP (dbcAMP) (Golos et al., 1987).

Although the role o f HDLs in agonist-stimulated ovarian steroidogenesis are less 

clear, studies have shown that hCG-stimulated progesterone synthesis is supported by total 

plasma HDL (Parinaud et al., 1987; Enk et al., 1987). More recently, HDLs particles have 

been shown to interact with dbcAMP, to enhance progesterone production by human 

granulosa-lutein cells (Azhar et al., 1998a). This is contradictory to early studies which 

reported an inability o f HDLs particles (Tureck and Strauss, 1982) or total HDLs (Carr et 

al., 1982; Simpson et al., 1982) to support LH-stimulated progesterone synthesis in the 

same ovarian cell model.

In contrast to the studies performed on human ovarian tissues, a stimulatory role 

for HDLs in LH/HCG and dbcAMP-stimulated ovarian steroidogenesis has been well 

documented in many non-primate species (Anderson and Dietschy, 1978; Gwynne and 

Strauss, 1982). Moreover, in rats, HDLs have been shown to interact with 

adrenocorticotrophic hormone (ACTH) (Verschoor-Klootwyk et al., 1982) and LH 

(Rajendran et al., 1985; Rajan and Menon et al, 1987) in the adrenal glands and ovary 

respectively, thus stimulating steroid synthesis.

Specific HDL binding sites have been identified in rat luteal cell plasma 

membranes, which are inducible with trophic hormones (Hwang and Menon, 1983; Gibori
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et al., 1984; Rajan and Menon, 1988; Aitken et al., 1988). More recently, the 

identification o f the class B scavenger receptor, type-I SR-BI has been described in both 

the thecal cells and granulosa cells o f the mature follicle (Acton et al., 1996) which binds 

HDLs and LDLs, as well as oxidised lipoproteins. Trophic hormones have been shown to 

play a role in the regulation o f SR-BI expression, with the induction o f SR-BI receptors in 

granulosa cells following stimulation with hCG and oestrogen (Landschulz et al., 1996). 

Thus, SR-BI may regulate the uptake o f HDL-cholesterol into steroidogenic tissues.

In vivo, the stimulation o f ovarian steroidogenesis by gonadotrophins is pulsatile 

(Yen, 1977; Fink, 1979). These gonadotrophin pulses occur during throughtout follicular 

development, during which time the vascularised thecal cells are continuously exposed to 

HDLs and LDLs, and the avascular granulosa cells are exposed to HDLs present in 

preovulatory follicular fluid (Parinaud et al., 1987; Volpe et al., 1991). Whether or not the 

gonadotrophin and lipoproteins interact to stimulate steroid synthesis in preovulatory 

granulosa cells or thecal cells are unknown.

Having established that both HDLs and LDLs can support basal progesterone 

production, this chapter investigates the effects o f both HDLs and LDLs on hCG- and 

dbc AMP-stimulated progesterone synthesis. The effects o f HDLs and LDLs were also 

investigated in the presence o f a hydroxycholesterol analogue, to address the importance 

o f lipoprotein-associated cholesterol in the progesterone response to plasma HDLs and 

LDLs by human granulosa-lutein cells.
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4.2. RESULTS

In all experiments presented in this chapter, the progesterone responses to 

lipoproteins determined over 24h, in the absence o f agonist stimulation were consistent 

and comparable to those reported in Chapter Three, therefore the basal progesterone 

responses to HDLs and LDLs were presented, but not discussed in great detail.

4.2.1. The effects o f HDLs and LDLs on hCG- and dibutvrvl cAMP-stimulated

progesterone production bv human granulosa-lutein cells

Granulosa-lutein cells were incubated with concentrations o f hCG and dbcAMP 

known to be maximally effective on progesterone production (Carr et al., 1982; Simpson 

et al., 1982; Golos et al., 1986), and the effects HDLs and LDLs on these progesterone 

responses were investigated. Granulosa cells were cultured for 72h (prior to experiment) 

with serum-supplemented medium. On day 3, granulosa-lutein cells were then incubated 

for 24h in serum-free medium with 100 ng/ml hCG and 1 mM dbcAMP. The incubations 

were performed in the presence and absence o f 100 pg/ml protein o f HDL or LDL 

(maximally effective concentrations o f HDL and LDL).

In the presence o f 100 ng hCG/ml alone, the concentration o f progesterone was 

increased by 114±11% (P<0.05, relative to progesterone concentrations in the absence o f 

hCG or lipoproteins; One-way ANOVA, with Tukey’s post hoc analysis) (Figure 4.1). In 

the presence o f either HDLs or LDLs, the progesterone response to a maximally effective 

concentration o f hCG was increased by 88±15% (P<0.05, relative to hCG alone) and 

95±18% (P<0.05) respectively.

In the presence o f 1 mM dbcAMP alone, progesterone production was significantly 

increased by 96±18% (P<0.05). In the presence o f either HDLs or LDLs, the 

progesterone responses to a maximally effective concentration o f dbcAMP were increased 

by 102±16% (P<0.05, relative to dbcAMP alone), and by 105±23% (P<0.05)

respectively. HDLs and LDLs alone significantly enhanced basal progesterone production 

by 2-fold (P<0.05 for each, relative to progesterone concentrations in the absence o f 

lipoproteins or agonists).
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Figure 4.1. The effects of HDLs and LDLs on hCG- and dibutyryl cAMP- 

stimulated progesterone production.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-free medium containing (i) medium alone 
(control), (ii) 100 ng/m hCG, (iii) 1 mM dbcAMP, in the presence o f 5mM Tris buffer 
(lipoprotein vehicle) C ] ,100 pg HDL protein/ml , or 100 pg LDL protein/ml

I.Data presented as mean ±SE% o f basal progesterone production for 6 experiments, 
with quadruplicate determinations in each experiment. The mean ±SE basal progesterone 
concentration was 1.8 ±0.2 nmol progesterone/10̂  cells increasing to 3.8 ±0.3 and 
3.4 ±0.8 nmol progesterone/10̂  cells in the presence o f HDLs and LDLs respectively. 
(*P<0.05 w.r.t to basal controls in the absence o f hCG/dbcAMP or lipoprotein. One-way 
ANOVA,Tukey’s post hoc test).

133



4.2.2. The effects o f HDLs and LDLs on the concentration-dependent progesterone and

cAMP responses to hCG

To investigate the lipoprotein-hCG interaction fiirther, the effects o f HDLs and 

LDLs on concentration-dependent progesterone responses to hCG were investigated. 

Granulosa cells were cultured for 72h with serum-supplemented medium. On day 3, 

granulosa-lutein cells were then incubated for 24h in serum-free medium with 1-1000 

ng/ml hCG. The incubations were performed in the presence and absence o f 100 pg/ml 

protein o f HDLs or LDLs.

Progesterone production was significantly enhanced at hCG concentrations o f 

> 30 ng/ml, with a maximum 2-fold simulation o f basal progesterone at > 100 ng hCG/ml 

(P<0.05, One-way ANOVA, with Tukey’s post hoc analysis) (Figure 4.2). HDLs 

significantly increased hCG-stimulated progesterone production at >100 ng/ml hCG 

(P<0.01, relative to hCG alone at respective concentrations). In the presence o f HDLs, a 

maximum progesterone increase o f 115±20% was achieved at a hCG concentration o f 

300 ng/ml (f<0.001, relative to 300 ng/ml hCG alone). LDLs significantly enhanced 

hCG-stimulated progesterone production at > 100 ng/ml hCG (f<0.01, relative to hCG 

alone at respective concentrations), with a maximum progesterone increase o f 81±15% at 

100 ng hCG/ml (P<0.01). The progesterone responses to HDLs and LDLs did not differ.

In the experiments described, the corresponding cAMP concentrations were also 

determined in the absence o f a cyclic nucleotide phosphodiesterase inhibitor. The 

concentrations o f cAMP were not significantly enhanced at < 30 ng hCG/ml, in the 

absence o f lipoproteins (Figure 4.3). However, cAMP was significantly enhanced at > 100 

ng hCG/ml with a maximum 8-fold elevation o f cAMP concentrations at > 100 ng hCG/ml 

(P<0.001, relative to cAMP production in the absence o f hCG; One-way ANOVA, with 

Tukey’s post hoc analysis). In the presence o f HDLs and LDLs, the concentration o f 

cAMP was not significantly enhanced at < 30 ng hCG/ml. However, at 100 ng, 300 ng 

and 1000 hCG/ml, LDLs enhanced hCG-stimulated cAMP accumulation by 24±7%, 

43±10% (P<0.05), and 50±8% (P<0.05) compared to hCG alone. HDLs decreased the 

cAMP response to 100 ng hCG/ml alone by 29±6%, but at 300 ng and 1000 ng hCG/ml, 

the addition o f HDLs enhanced hCG-stimulated cAMP accumulation by 61±17% (P<0.05, 

relative to 300 ng hCG/ml alone) and 130±22% (P<0.001, relative to 1000 ng hCG/ml 

alone) respectively.
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Figure 4.2. Effects of HDLs and LDLs on the concentration-dependent effects of 

hCG, on progesterone production by human granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-ffee medium containing hCG in the 
concentration range 0-1000 ng/ml, with (i) 5 mM Tris (lipoprotein vehicle) ( □  ) (ii) 100 
pg HDL protein/ml ( •  ) or (iii) 100 pg LDL protein/ml p  ) for 24 h. Data presented as 
mean progesterone (% of basal) ±SE for 4 experiments, with quadruplicate determinations 
in each experiment. The mean ±SE basal progesterone concentration was 1.5±0.6 nmol 
progesterone/10̂  cells at zero hCG, increasing to 3.1 ±1.0 nmol progesterone/10̂  cells 
(P<0.05), and 3.1 ±9.6 nmol progesterone/10̂  cells (P<0.05) in the presence o f 100 pg 
protein/ml o f HDL and LDL respectively (*P<0.05, **f<0.01, ***f<0.001 w.r.t the 
corresponding progesterone response to hCG alone. One-way ANOVA, Tukey’s post hoc 
test).
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Figure 4.3. Effects of HDLs and LDLs on the concentration-dependent effects of 

hCG on cAMP production by human granulosa-lutein cells.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated for 24h on day 3 o f culture, in serum-free medium containing hCG in the 
concentration range 0-1000 ng/ml, with (i) 5 mM Tris (lipoprotein vehicle) (□  ) (ii) 100 
fig HDL protein/ml ( #  ) or (iii) 100 pg LDL protein p  ) for 24h. Data presented as 
mean% of basal ±SE cAMP production for 3 experiments (with quadruplicate 
determinations in each experiment). The mean ±SE basal cAMP concentration was 37 ±3 
finol cAMP/10^ cells at zero hCG, increasing to 47 ±3 frnol cAMP/10^ cells (P<0.05) and 
58 ±19 frnol cAMP/10̂  cells (P<0.05) in the presence o f 100 pg protein/ml o f HDL and 
LDL respectively (*P<0.05, ***P<0.001 w.r.t corresponding hCG concentration in the 
absence o f lipoprotein. One-way ANOVA, Tukey’s post hoc test).
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4.2.3. The effects o f HDLs and LDLs on the progesterone response to a maximally 

effective concentration o f hCG

Incubations o f granulosa-lutein cells with HDLs and LDLs, resulted in similar fold 

increases o f hCG-stimulated progesterone production over 24h. The next series o f 

experiments were designed to further investigate these lipoprotein and hCG interactions 

(the experimental procedures are summarised in Table 4.1).

Table 4.1. Experimental designs used to investigate lipoprotein: hCG

interactions over 24h

Day 2: Incubation: 

24h

Day 3: Incubations ( 2, 4, 8 and 24h)

- 100 ng hCG/ml + 100 ng hCG/ml

Medium alone Tris
buffer

HDL LDL Tris
Buffer

HDL LDL

100 ng hCG/ml Tris
buffer

HDL LDL Tris
buffer

HDL LDL

100 pg HDL protein/ml medium* medium*
*The expérimenta design was set up for 3 timepoints; 2, 4 and 24h on Day 3.
100 pg HDL/1.DL protein used and Tris buffer; 5 mM Tris-HCl (pH 7.4) 
lipoprotein vehicle

In the first experimental design, a time-course experiment was performed over 24h 

to assess the acute and chronic effects o f HDLs and LDLs on hCG stimulated 

progesterone production. Granulosa cells were cultured for 48h with serum-supplemented 

medium. On day 2, granulosa-lutein cells were then incubated for 24h under serum-free 

conditions. On day 3, the granulosa-lutein cells were washed and incubated for a further 

2, 4, 8, and 24h in serum-free medium with 100 ng/ml hCG, in the presence and absence of 

100 pg/ml protein o f HDL or LDL.

In the absence o f lipoproteins, hCG significantly increased progesterone synthesis 

by 117±88% over 24h (P<0.05, compared to basal progesterone production over 24h in 

the absence o f hCG; One-way ANOVA, with Tukey’s post hoc analysis) (Figure 4.4). 

Over 2, 4 and 8h, hCG-stimulated progesterone production was not significantly enhanced 

by either HDLs or LDLs. Both HDLs and LDLs significantly increased hCG-stimulated 

progesterone over 24h by 897±511% and 782±367% (P<0.05, compared to hCG alone at 

24h) respectively.
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Figure 4.4. The effects of HDLs and LDLs on the progesterone response to hCG 

over 2, 4, 8 and 24 h.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium, and 
incubated on day 3 o f culture for 2, 4, 8 and 24h, in serum-free medium with (i) medium 
alone (O  ) (ii) Tris buffer + 100 ng hCG/ml ( ♦  ) (iii) 100 pg HDL protein/ml + hCG 
( •  ) and (iv) 100 pg LDL protein/ml + hCG (■ ). Data presented as mean ±SE pmol 
progesterone/10̂  cells, for 3 experiments with quadruplicate determinations in each 
experiment. (* P<0.05 w.r.t. to corresonding concentrations o f hCG alone. One-way 
ANOVA, Tukey’s post hoc test). Absolute progesterone concentrations were presented 
so that the progressive increase in progesterone production could be depicted over 24h. 
Half error bars were presented to distinguish the size o f the errors of each measurement 
for each sample.
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To investigate the lipoprotein-gonadotrophin interaction further, the effects o f 

HDLs and LDLs were investigated on the progesterone response by granulosa-lutein cells 

treated with hCG for 24h, prior to treatment with lipoproteins. Granulosa-lutein cells 

were cultured for 48h in serum-supplemented medium. On day 2 o f culture, cells were 

treated serum-free medium with or without 100 ng/ml hCG for 24h. On day 3, granulosa- 

lutein cells were treated with serum-free medium containing (i) medium alone, or (ii) 100 

ng/ml hCG. Incubations were performed in the presence and absence o f 100 pg protein/ml 

o f HDLs and LDLs.

In granulosa-lutein cells pre-exposed to hCG for 24h followed by a 24h incubation 

in serum-free medium alone, (Figure 4.5a and 4.5b), progesterone concentrations 

increased from 140±25 pmol progesterone/1 O^cells (2h), to 1279±340 pmol

progesterone/1 O^cells (24h). In the presence o f 100 ng/ml hCG, progesterone production 

was relatively unchanged compared to the progesterone response to medium alone, and 

increased from 160±53 pmol progesterone/1 O^cells (2h), to 1051 ±288 pmol

progesterone/1 O^cells (24h).

In the presence o f 100 pg HDL-protein/ml, progesterone production was not 

significantly increased over 8h (Figure 4.5a). However, following hCG pre-exposure for 

24h, the subsequent incubation with HDLs alone for 24h significantly increased

progesterone production by 229±72% (P<0.05, relative to progesterone production in the 

absence o f lipoproteins at 24h; One-way ANOVA, with Tukey’s post hoc analysis). The 

co-treatment o f cells with HDLs plus hCG following 24h pre-exposure to hCG, did not 

differ from the progesterone response to HDLs alone.

In the presence o f 100 pg LDL-protein/ml, progesterone production was not 

significantly increased over 8h (Figure 4.5b). However, following hCG pre-exposure for 

24b, the subsequent incubation with LDLs alone for 24h, significantly increased

progesterone production by 207±71% (P<0.05, relative to progesterone production in the 

absence o f lipoproteins at 24h). The co-treatment o f cells with LDLs plus hCG following 

24h pre-exposure to hCG, did not differ from the progesterone response to LDL alone.

The treatment o f granulosa-lutein cells with a second dose o f hCG following 24h 

pre-exposure to hCG, did not differ from the progesterone responses in the absence o f a 

second dose o f hCG.
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Figure 4.5a. Interaction of HDLs with hCG over 24 h following a 24h pre-exposure 

to hCG alone.

Granulosa-lutein cells were cultured for 48h in serum-supplemented medium, and 
incubated for 24h on day 2 o f culture, in serum-free medium containing (i) medium alone 
(data not shown), or (ii)lOO ng/ml hCG . On day 3 o f culture, in the granulosa-lutein cells 
were treated for 2, 4, 8 and 24h with serum-free medium containing (i) 5 mM Tris buffer 
(lipoprotein vehicle) ( □  ) (ii) 5 mM Tris + a second dose o f 100 ng hCG /ml ( ■  ) (iii) 
100 pg HDL protein/ml ( O ) and (iv) HDL +100 ng/ml hCG (# ). Data presented as 
mean ±SE pmol progesterone/10̂  cells, for 3 experiments with quadruplicate 
determinations in each experiment. (*P<0.05 w.r.t. basal controls in the absence o f hCG at 
respective timepoint, following 24h pre-exposure to 100 ng/ml hCG in the absence of 
lipoprotein. One-way ANOVA, Tukey’s post hoc test). Absolute progesterone 
concentrations were presented so that the progressive increase in progesterone production 
could be depicted over 24h. Half error bars were presented to distinguish the size o f the 
errors o f each measurement for each sample.
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Figure 4.5b. Interaction of LDLs with hCG over 24 h following a 24 h pre-exposure 

to hCG alone.

Granulosa-lutein cells were cultured for 48h in serum-supplemented medium, and 
incubated for 24h on day 2 o f culture, in serum-free medium containing (i) medium alone 
(data not shown), or (ii)100 ng/ml hCG . On day 3 o f culture, in the granulosa-lutein cells 
were treated for 2, 4, 8 and 24h with serum-free medium containing (i) 5 mM Tris buffer 
(lipoprotein vehicle (□ ) (ii) 5 mM Tris + a second dose o f 100 ng hCG /ml (■  ) (iii) 
100 pg LDL protein/ml ( O ) and (iv) LDL + 100 ng hCG/ml (#  ).Data presented as mean 
±SE pmol progesterone/10̂  cells, for 3 experiments, with quadruplicate determinations in 
each experiment. (*f<0.05 w.r.t. the corresponding concentration o f tris buffer alone 
following hCG pre-exposure, One-way ANOVA, Tukey’s post hoc test). Absolute 
progesterone concentrations were presented so that the progressive increase in 
progesterone production could be depicted over 24h. Half error bars were presented to 
distinguish the size o f the errors o f each measurement for each sample.

Progesterone data obtained for treatments with Tris buffer and Tris buffer+hCG are 
duplicated in Figures 4.5a. and 4.5b.
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The next experiment was set up to investigate the efifects o f a 24h HDL pre

exposure, on the subsequent progesterone response to hCG (Figure 4.6). Granulosa-lutein 

cells were cultured for 48h in serum-supplemented medium. On day 2 o f culture, cells 

were treated for 24h with serum-free medium containing (i) tris buffer (Panel [A]), or (ii) 

100 pg protein/ml o f HDL (Panel [B]). On day 3, granulosa-lutein cells were treated with 

serum-free medium containing (i) medium alone, or (ii) 100 ng/ml hCG..

In cells that had not been pre-exposed to HDL (Figure 4.6, Panel [A]), basal 

progesterone production increased from 273±34 pmol progesterone/1 O^cells (2h), to 

357±35 pmol progesterone/1 O^cells (24h). Over 24h, hCG alone increased progesterone 

concentrations by 38±3% (P<0.05, compared to progesterone concentrations in the 

absence o f hCG; One-way ANOVA, with Tukey’s post hoc analysis).

In granulosa-lutein cells pre-treated with 100 pg HDLprotein/ml (Figure 4.6, Panel 

[B]), the subsequent treatment o f granulosa-lutein cells with medium alone, increased 

progesterone concentrations from 300±16 pmol progesterone/1 O^cells (2h), to 509±42 

pmol progesterone/1 O^cells (24h). Over 24h, hCG alone increased progesterone 

concentrations by 117±10% (P<0.01, compared to progesterone concentrations in the 

absence o f hCG).

Thus, in granulosa-lutein cells pre-exposed to HDLs the progesterone production 

over the subsequent 24h was increased by 43±3% (P<0.05), compared to progesterone 

production over 24h in cells not pre-exposed to HDLs. Treatment o f cells with hCG 

increased progesterone production by 125±11% (P<0.001), compared to the hCG- 

stimulated progesterone response in granulosa-lutein cells not pre-exposed to HDLs.
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Figure 4.6. Effects of HDL pre-exposure (24h) on the subsequent progesterone 

response to hCG.

Granulosa-lutein cells were cultured for 48h in serum-supplemented medium, and 
incubated for 24h on day 2 o f culture, in serum-free medium containing (i) tris buffer 
(lipoprotein vehicle) (Panel[A]), or (ii)lOO pg HDL protein/ml (Panel [B]). On day 3 o f 
culture, in the granulosa-lutein cells were treated for 2, 4, and 24h with serum-free 
medium containing (i) medium alone  ̂ — -* or (ii) 100 ng hCG/ml . Data
presented as mearttSE pmol progesterone/10̂  cells, for 3 experiments with quadruplicate 
determinations in each expt. (*P<0.05 w.r.t basal at 24h [A], ***P<0.001 w.r.t basal at 
24h [B], One-way ANOVA, Tukey’s post hoc test). Absolute progesterone 
concentrations were presented so that the progressive increase in progesterone production 
could be depicted over 24h.
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4.2.4. The efifects o f HDLs and LDLs on the progesterone response to 22R- 

hvdroxvcholesterol

To investigate the role o f HDLs solely as deliverers o f cholesterol in ovarian 

progesterone synthesis, the efifects o f HDLs were assessed on progesterone production by 

granulosa-lutein cells incubated with 22R-hydroxycholesterol (22ROHC) (Figure 4.7). 

Granulosa-lutein cells were cultured in serum-supplemented medium for 72h. On day 3 o f 

culture, cells were incubated with 0.1, 0.3, 1,3,  10, and 30 pM 22ROHC, in the presence 

and absence o f 100 pg protein/ml o f HDLs and LDLs. At 0 pM 22ROHC, the cells were 

treated with 0.1% (v/v) ethanol (22ROHC vehicle) alone.

At 10 and 30 pM 22ROHC, basal progesterone was significantly stimulated by 

164±18% and 194±28% respectively (P<0.01 for each concentration o f 22ROHC, relative 

to progesterone production in the absence o f 22ROHC; One-way ANOVA, with Tukey’s 

post hoc analysis). Treatment with HDLs significantly increased the progesterone 

response to 10 and 30 pM 22ROHC by 58±8% and 48±9% (P<0.05, compared to 10 pM 

and 30 pM 22ROHC alone) respectively. LDLs did not afifect the progesterone response 

to 22ROHC (l-30pM ).

In the absence o f 22ROHC, both HDLs and LDLs significantly stimulated basal 

progesterone production by 93±25% and 62±23% (P<0.05, for each lipoprotein, 

compared to progesterone production in the absence o f lipoprotein or 22ROHC) 

respectively.
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Figure 4.7. Effect of HDLs and LDLs on 22R-hydroxycholesterol-stimulated 

progesterone production by granulosa-lutein cells over 24 h.

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium. Granulosa- 
lutein cells were treated on day 3 o f culture with serum-free medium containing 22ROHC 
in the concentration range 0 - 3 0  pM, with (i) Tris buffer (no lipoprotein) (□  ) (ii) 100 pg 
HDL protein/ml ( #  ) or (iii) 100 pg LDL protein/ml ( ■  ) or for 24 h. Data presented as 
mean progesterone (% o f basal) ±SE for 8 experiments with quadruplicate determinations 
in each experiment. The mean ±SE basal progesterone concentration was 5.6±1.6 nmol 
progesterone/10̂  cells increasing to 12.9 ±5.1 (P<0.05) and 11.1 ±4.9 nmol 
progesterone/10̂  cells (f<0.05) in the presence o f HDLs and LDLs respectively (*P<0.05, 
w.r.t the corresponding concentration o f 22R-hydroxycholesterol alone. One-way 
ANOVA,Tukey’s post hoc test). Half error bars were presented to distinguish the size o f 
the errors of each measurement for each sample.
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4.3. DISCUSSION

4.3.1. Interactions o f lipoproteins with hCG over 24h

The stimulation o f progesterone by hCG presented in this chapter is consistent with 

previously studies, which describe a 1 to 11-fold stimulation o f progesterone production 

by human granulosa-lutein cells with 100 ng/ml hCG (Simpson et al., 1980; Carr et al., 

1982; Enk et al., 1987; Bar-Ami et al., 1993). Moreover, both HDLs and LDLs 

interacted in an additive manner with hCG over 24h, to increase progesterone production 

by luteinised granulosa cells. While co-treatment o f granulosa-lutein cells with HDL/LDL 

and hCG had no significant effect on progesterone production acutely (<8h), between 8- 

24h there was an increase in progesterone production, with significant additive increases in 

progesterone production over 24h. Not only was the steroidogenic response to these 

lipoproteins increased by 24h co-treatment with a maximally effective concentration o f 

hCG, but 24h pre-exposure to hCG similarly enhanced the subsequent chronic (24h) 

stimulation o f progesterone synthesis by HDLs and LDLs, without affecting the acute 

responses (<8h) to lipoproteins. In addition to the above, 24h pre-exposure to HDL alone 

enhanced the subsequent chronic stimulation o f progesterone synthesis by hCG without 

affecting the acute response to gonadotrophin.

On the basis o f these data, two conclusions may be drawn. Firstly, the stimulation 

o f progesterone by HDLs and LDLs is time-dependent requiring chronic exposure to 

lipoproteins. Secondly, both HDLs and LDLs can enhance the stimulation o f hCG- 

stimulated progesterone biosynthesis over a 24h period, irrespective o f whether cells are 

exposed simultaneously to hCG and lipoproteins, or in sequence irrespective o f the order 

o f treatment. The latter finding is important given that in vivo, the stimulation o f ovarian 

fimction by gonadotrophins is intermittent due to the pulsatile nature o f gonadotrophin 

secretion from the anterior pituitary gland (Yen, 1977; Fink, 1979). HDLs are present 

within ovarian tissues, and are present in large antral follicles at concentrations similar to 

that measured in plasma (Simpson et al., 1980; Volpe et al., 1991). Thus, it may be 

proposed that intermittent exposure to luteinising hormone would enhance the 

steroidogenic response o f granulosa cells to HDLs during the interpulse interval.

The studies reported in this chapter show that hCG elevated progesterone 

production in a concentration-dependent manner, with maximal effects at 100 ng hCG/ml, 

consistent with previous reports o f hCG-stimulated progesterone synthesis (Simpson et
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al., 1980; Carr et al., 1982). HDLs and LDLs elevated hCG-stimulated progesterone 

production at maximally effective concentrations o f hCG, without affecting the sensitivity 

o f the granulosa-lutein cells to hCG. Changes in sensitivity would be denoted by a left or 

right shift in the hCG curve, signifying an increase or decrease in sensitivity respectively. 

The fact that HDLs and LDLs interacted with hCG to increased progesterone production 

by granulosa-lutein cells, suggests that lipoproteins and hCG may each increase 

progesterone production by independent pathways, but interact at points along the 

steroidogenic pathway, to further amplify progesterone production.

HDLs and LDLs may be interacting along the hCG/LH stimulated cAMP/PKA 

pathway, to increase progesterone production. If this is the case, then both HDLs and 

LDLs should enhance cAMP production by granulosa-lutein cells. Consistent with this, 

LDLs increased cAMP production by granulosa-lutein cells in the presence o f maximally 

effective concentrations o f hCG. However, HDLs not only increased hCG-stimulated 

cAMP concentrations at >300 ng hCG/ml, but the increase in hCG-stimulated cAMP was 

not saturated at ^ 0 0  ng hCG/ml, in the presence o f HDLs. As discussed in chapter three, 

the experiments presented in this chapter report cAMP concentrations after 24h 

incubations, performed in the absence o f a cAMP phosphodiesterase inhibitor, therefore 

increases in cAMP concentrations may be due to effects on the 5’nucleotide 

phosphodiesterase activity regulated by HDLs alone. Likewise, the increase levels o f 

cAMP at >1000 ng/ml could be a reflection o f decreased phosphodiesterase activity. To 

address these possibilities, experiments would have to be repeated in the presence o f the 

phosphodiesterase inhibitor, such as IBMX.

The cAMP analogue 8-bromo-cAMP, and hCG have been shown to stimulate LDL 

uptake in human granulosa-lutein cells by stimulating LDL receptor synthesis (Golos and 

Strauss, 1985; Voutilainen and Miller, 1987; Golos et al., 1987). Therefore, the increases 

in hCG-stimulated progesterone production by LDLs may be due to fact that dbcAMP and 

LH are stimulating the expression o f LDL receptors, which are available to the LDL 

particles for uptake. LH/hCG have been shown to stimulate most key genes involved in 

progesterone synthesis, including LDL receptor mRNA (Hwang and Menon, 1983; Golos 

et al., 1985 and 1986; Takagi et al., 1988 and 1989). In contrast to LDLs, less is 

understood about the regulatory mechanisms associated with HDL receptor interactions 

and HDL-cholesterol utilisation in the ovary. SR-BI expression in ovarian tissues has been
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shown to be regulated by hCG (Rinninger and Pittman, 1987; Acton et al., 1996; 

Landschulz et al., 1996), oestrogen (Rinninger and Pittman, 1987; Landschulz et al.,

1996), and pregnant mares serum gonadotrophin (PMSG) (Mizutani et ah, 1997). 

Northern blot analysis revealed a rapid induction (<3h) o f the receptor mRNA levels by 

PMSG, with a high induction over 6h in the theca interna and the corpora lutea o f the rat 

(Mizutani et al., 1997). Whether SR-BI expression is related to the progesterone response 

o f human granulosa-lutein cells to HDLs remains to be elucidated. The expression o f SR- 

BI on human granulosa-lutein cells could be determined, and if present, the efifects o f HDL 

and agonists on SR-BI expression could be investigated.

In the present study, granulosa-lutein cells required chronic exposure to either 

HDLs or LDLs, or hCG alone to significantly increase progesterone production. This 

suggests that the progesterone response to HDLs, LDLs, or hCG may require 

transcriptional stimulation, resulting in increased expression o f a protein(s) along the 

steroidogenic pathway, which may include up-regulation o f lipoprotein receptors, or 

increased expression o f steroidogenic enzymes. In the case o f HDLs, if gonadotrophin 

stimulation o f granulosa-lutein cells leads to increased SR-BI expression, then following 

hCG pre-exposure, an acute effect o f HDL on progesterone may be expected due to 

efifects on cholesterol uptake. However in the present study, acute stimulation o f 

progesterone by HDLs or LDLs was not observed regardless o f hCG pre- or co-treatment. 

Likewise, pre-exposure o f granulosa cells to HDL did not result in an acute effect o f hCG 

on progesterone production, suggesting that HDLs do not directly up-regulate a 

component o f the steroidogenic pathway required for hCG-stimulated progesterone 

production. The fact that lipoproteins and hCG interact significantly over 24h to amplify 

progesterone production by granulosa-lutein cells regardless o f co-treatment or hCG or 

HDL pre-exposure, suggests that HDLs, LDLs and hCG all have genomic efifects 

associated with amplification o f the progesterone response. Thus, lipoproteins or hCG 

may stimulate individual components along the steroidogenic pathway, which interact 

positively to amplify progesterone production when co-incubated with granulosa-lutein 

cells. Alternatively, HDLs/LDLs and hCG may stimulate the expression o f the same 

component along the steroidogenic pathway, such as cytochrome P450 enzyme 

expression, or intracellular cholesterol transport, but to different extents which together 

amplify progesterone production. The efifects o f lipoprotein on steroidogenic enzymes or 

transport proteins may be studied by investigating the efifects o f lipoproteins on their
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mRNA and protein expression. If HDL receptors are expressed on granulosa-lutein cells, 

they may be regulated by intracellular components, which may induce HDL binding. 

Alternatively, SR-BI may not be directly involved in the progesterone response to HDL by 

human granulosa lutein cells. In keeping with this, the recent description o f the SR-BI 

homozygous knockout mouse has shown that the SR-BI -/- mice can synthesis ovarian 

steroids, but are infertile (Trigatti et a/., 1999). This suggests that SR-BI is not essential to 

the synthesis o f steroids. If SR-BI is expressed on human granulosa cells and does regulate 

steroid hormone synthesis by HDL, then antibody binding to SR-BI should inhibit the 

progesterone response to these lipoproteins by the cell model described in this thesis.

While the experiments performed in this chapter did not investigate cholesterol 

utilisation for progesterone production, the data presented does show that HDL can 

enhance progesterone production in the absence and presence o f agonist stimulation.

4.3.2. The effects o f HDLs and LDLs on the progesterone response to 22R-hvdroxv 

cholesterol

To address the proposal that HDLs may be stimulating progesterone production by 

mechanisms independent o f their cholesterol (chapter three), the effect o f HDLs on 

progesterone production in the presence o f maximally effective concentrations o f 

22ROHC was investigated. 22ROHC is membrane permeable and therefore by-passes the 

cholesterol uptake mechanisms associated with HDLs and LDLs {i.e., selective lipid 

uptake or receptor-mediated particle uptake). 22ROHC also by-passes:

(i) the physical rate-limiting step in progesterone synthesis, that is the transport o f  

cholesterol from the outside o f the mitochondrion to the inner face o f the inner 

mitochondrial membrane (Simpson, 1979) and,

(ii) the first hydroxylation step performed by the cytochrome P450 cholesterol side-chain 

cleavage enzyme (P450cscc), required to cleave cholesterol resulting in pregnenolone 

production (Burstein and Gut, 1971).

The studies presented in this chapter have shown that in the presence o f maximally 

effective concentrations o f 22R-hydroxycholesterol (22ROHC), HDLs can significantly 

stimulate a 2 -fold increase in progesterone concentrations.
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This suggests that HDLs may be stimulating progesterone production by alternative 

mechanisms to cholesterol delivery which may include:

(i) the delivery o f a substrate from the lipoprotein particles, which may bypass the rate 

limiting enzymatic step

(ii) stimulation o f cholesterol transport into the mitochondria, and the possible up- 

regulation o f the cholesterol transport proteins (described in Chapter One). The 

involvement o f StAR can be investigated by looking at it cellular expression using 

Northern analysis,

(iii) up-regulation o f the cytochrome P450 cholesterol side chain cleavage enzyme 

complex, by increased mRNA expression and translation.

(iv) the generation o f arachidonate metabolites from the lipoprotein arachidonate rich 

lipoprotein particles

One mechanism by which HDLs might stimulate ovarian progesterone synthesis 

could be by delivering pregnenolone or steroid-fatty acyl esters to the granulosa cells 

(described in Chapter Three). HDLs may increase progesterone production at maximal 

22ROHC concentrations and maximal cytochrome P450 expression, by bypassing this 

enzymatic step altogether. However, as both HDLs and LDLs have been shown to 

accumulate pregnenolone fatty acyl esters, then LDLs may also be expected to increase 

22ROHC-stimulated progesterone production. The fact that LDLs do not affect 

22ROHC-stimulated progesterone production by human granulosa-lutein cells suggests 

that HDLs may be enhancing progesterone production via an alternative mechanism(s).

Given that plasma lipoproteins are known to contain a high proportion o f 

unsaturated fatty acids, including arachidonic acid and linoleic acid, it may be proposed 

that HDLs are an immediate source o f arachidonate metabolites. It has been shown that 

the incubation o f HDLs with PLA2 leads to increased levels o f arachidonate metabolites, 

and increased binding o f HDLs to cell membranes (Middleton and Middleton, 1995). 

Thus, an alternative mechanism by which HDLs may enhance 22ROHC-stimuIated 

progesterone synthesis, is by increasing local concentrations o f arachidonic acid. 

Arachidonic acid may be subsequently metabolised to the prostaglandins and leucotrienes, 

which are known to influence ovarian steroid hormone synthesis (described in Chapter 

One). The potential involvement o f HDL-derived prostanoids in the steroidogenic 

response to HDLs is investigated in Chapter Five.
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In conclusion, the data reported in this Chapter demonstrate that HDLs and LDLs 

interact with additivity with hCG and dbcAMP. This suggests that these significant 

additive interactions between lipoproteins and gonadotrophin may occur subsequent to the 

generation o f cAMP. Furthermore, lipoproteins and hCG may stimulate the expression o f  

protein components along the steroidogenic pathway, thus amplifying the progesterone 

response o f granulosa cells during lipoprotein and hCG co-treatment. The enhancement o f 

progesterone concentrations by HDLs in the presence o f 22ROHC suggests that (i) the 

interactive stimulation o f HDLs may occur subsequent to P450scc, and/or (ii) HDLs may 

enhance progesterone synthesis by mechanisms independent o f cholesterol delivery to 

cells. Chapter Five investigates a role for prostaglandins in the steroidogenic response o f 

human granulosa-lutein cells to plasma and intrafollicular lipoproteins.
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Chapter Five

ROLE OF EICOSANOIDS IN THE STEROIDOGENIC RESPONSE 

TO LIPOPROTEINS

5.1. INTRODUCTION

As described in Chapters Three and Four, plasma lipoproteins deliver substrate to 

ovarian tissues for steroid synthesis. Lipoproteins are comprised o f a phospholipid 

monolayer, which can be metabolised to generate arachidonic acid (AA) (Middleton and 

Middleton, 1995; De Beer et al., 1997). Through the action o f phospholipases, AA may 

be further metabolised to eicosanoids including prostaglandins (described in Chapter One) 

which can regulate steroid synthesis in ovarian tissues. Prostaglandins, mainly 

prostaglandin E2 (PGE2) and prostaglandin p2a (PGF2«), are implicated in the regulation o f 

ovarian progesterone synthesis. PGE2 is a luteotrophin which stimulates luteal 

progesterone synthesis mainly through the adenylyl cyclase-cAMP dependent pathway, 

whereas PGF2« is luteolytic and is thought to be involved the demise o f the CL (described 

Chapter One).

The data in Chapter Four revealed that HDLs enhanced the progesterone 

concentrations to maximally effective concentrations o f 22ROHC, suggesting that HDLs 

may stimulate progesterone production by mechanisms independent o f its cholesterol 

content. Given the high arachidonic acid content o f lipoproteins, the present study 

proposes that the progesterone response to HDLs may involve prostaglandin generation. 

This Chapter investigates whether prostaglandins generated from intrafollicular and plasma 

lipoproteins play a role in the progesterone production by granulosa-lutein cells.
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5.2. RESULTS

5.2.1. Cross reactivity o f isoprostancs in the PGE? radioimmunoassay

Isoprostanes are prostaglandin-like compound derived from free radical mediated 

peroxidation o f arachidonic acid in vivo, the biosynthesis o f which generally occurs 

independently o f prostaglandin H synthase (PGHS) activity (Morrow et al., 1999). To 

investigate the cross-reactivity o f S-isoPGEz, (the isoprostane analogue o f PGE2) in the 

PGE2 RIA, samples medium containing 1 , and 10 ng/ml o f 8 -isoPGE2, were subjected to 

the PGE2 RIA. At 8 -isoPGE2 concentrations o f 1 and 10 ng/ml there was 25.7±0.1%  

(meaotSD o f triplicate determinations) and 25.4±0.1% cross-reactivity respectively, with 

the PGE2 antibody.

5.2.2. Effects o f lipoprotein sample storage on PGE? immunoreactive compounds in

lipoproteins

The cross-reactivity o f the PGE2 antibody to 8 -isoPGE2 was used to indirectly 

assess the effects o f storage prior to RIA on lipoprotein samples, and samples obtained 

from granulosa-lutein cells incubations, on isoprostane generation. PGE2 RIAs were 

performed on freshly isolated lipoproteins. Samples were then incubated at 37°C for 24h 

in the presence o f (i) 5 mM Tris buffer, and (ii) 10 pM indomethacin. After the 

incubation the medium was subjected to PGE2 RIA prior to storage. Samples were then 

aliquoted and stored for (i) 3 weeks at 4°C, (ii) 3 weeks at -20°C , (iii) 8  weeks storage at 

4°C and (iv) 8  weeks at -20°C , after which samples were again subjected to PGE2 RIA.

Prior to incubation o f lipoprotein samples, all samples had PGE2 concentrations o f 

<0.05 nM, regardless o f whether they were freshly isolated, or stored for 3-8 weeks, at 

4®C , or -20°C, prior to measurements. The PGE2 concentrations o f all the lipoprotein 

samples incubated for 24h at 37°C and immediately assayed, were significantly increased 

compared to unincubated samples (Table 5.1.a). All the increases in in PGE2 

concentrations measured, were unaffected by the presence o f indomethacin (data not 

shown).

In plasma HDL samples stored at 4°C for 3 weeks prior to incubation, the PGE2 

concentrations measured after 24h incubation at 37°C were unaffected, compared to 

samples incubated without prior storage. However, in HDL samples stored at -20°C for 3 

and 8  weeks prior to incubation, the PGE2 concentrations measured after 24h incubation
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were increased by 17±4% (NS) and 28±4% (P<0.05) respectively (Table 5.1.a). After the 

24h incubation followed by 4 weeks storage at -20°C, PGE2 concentrations in all HDL 

samples were increased by 2-fold (P<0.05), relative to PGE2 concentrations measured in 

HDL samples directly after incubation without storage (Table S.l.b).

In LDL samples stored at 4°C for 3 and 8  weeks, prior to incubation, the PGE2 

concentrations measured after 24h incubation at 37°C were significantly increased by 2.5- 

fold and 4-fold respectively (P<0.05), relative to PGE2 concentrations measured in 

incubated LDL samples without storage prior to incubation. (Table 5.1.a). After the 24h 

incubation followed by 4 weeks storage at -20°C, PGE2 concentrations increased by 

4-fold (P<0.05), relative to PGE2 concentrations measured in LDL samples directly after 

incubation without storage (Table 5.1.b). However, in samples stored for up to 8  weeks at 

4°C prior to incubation resulting in elevated PGE2 concentrations, the further 4 week 

storage at -20°C did not significantly effect PGE2 concentrations.

In intrafollicular HDL samples stored at -20°C for 8  weeks prior to incubation, the 

PGE2 concentration measured after 24h incubation was increased by 97±26% (P<0.05) 

(Table 5.1.a). After the 24h incubation followed by 4 weeks storage at -20°C, PGE2 

concentrations in this intrafollicular HDL samples was increased by 2-fold (P<0.05), 

relative to PGE2 concentrations measured in intrafollicular HDL samples directly after 

incubation without storage (Table 5.1.b).
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Table 5.1a Effects of storage on PGE2 concentrations in intrafollicular and

plasma lipoprotein samples after incubation for 24h at 37°C

Sample storage prior to incubation

(weeks) temp (°C)

[PGE2 ] (nM) after incubation in

intrafoil HDL plasma HDL plasma LDL

0 +4°C 1.69±0.11 1.63±0.12 1.40±0.10

3 +4°C N/D 1.48±0.05 3.62±1.15*

8 +4°C N/D N/D 5.50±1.32*

3 -20°C 2.01±0.53 1.90±0.11 N/D

8 -20°C 3.33±0.87* 2 .1 0 ±0 .1 0 * N/D

Lipoproteins were stored at 4®C and -20°C for 0, 3, and 8  weeks prior to incubation. The 
lipoproteins samples were incubated at 100 pg protein /ml o f plasma HDLs and LDLs, and 
intrafollicular (intrafoU) HDLs in tris buffer for 24h at 37®C. One aliquot o f the incubated 
sample was subjected to PGE2 RIA immediately. A second aliquot was frozen at -20°C 
for 4 weeks then subjected to PGE2 RIA. Table 5.1(a) represents PGE2 concentrations 
determined directly after incubation. The mean [PGE2] ±SE (nM) is presented for each 
lipoprotein, for 3 experiments with triplicate determinations in each experiment.
(* P<0.05, compared to PGE2 concentrations in lipoproteins samples without storage prior 
to incubation; unpaired Students /-test) ND: not determined

Table 5.1b Effects of storage on PGEi concentrations in intrafollicular and 

plasma lipoprotein samples after incubation for 24h at 37°C , with 

subsequent storage for 4 weeks at -20°C

Sample storage prior to incubation

(weeks) temp (°C)

[PGE2 ] (nM) after 4 weeks storage at -20°C

intrafoll HDL plasma HDL plasma LDL

0 +4°C N/D 3.42±0.12* 5.74±1.01*

8 -20°C 6.15±2.01* 3.92±0.16* 6.07±1.28

This table represents the PGE2 concentrations measured in the incubated lipoproteins 
samples after 4 weeks storage at -20°C. The mean [PGE2] ±SE (nM) is presented for each 
lipoprotein, for 3 experiments with triplicate determinations in each experiment. (* 
P<0.05, compared to PGE2 concentrations measured in respective lipoprotein samples 
determined directly after incubation as in Table 5.1.a; unpaired Students /-test) (see legend 
for Table 5.1a) ND: not determined
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5.2.3. The effects o f indomethacin on lipoprotein-stimulated progesterone. PGE? and

cAMP accumulation

To investigate the involvement o f prostaglandins in the lipoprotein-stimulated 

progesterone production by human granulosa-lutein cells, PGE2 RIAs were firstly 

performed on fi-eshly isolated intrafollicular HDLs and plasma HDLs and LDL samples at 

100 pg protein/ml, to assess endogenous PGE2 concentrations. Granulosa-lutein cells 

were cultured for 72h at 37°C in serum-supplemented medium. On day 3 o f culture, the 

cells were incubated for 24h with serum-fi-ee medium containing (I) 0.1% (v/v) DMSG 

(indomethacin vehicle) or 10 pM indomethacin. The incubations were performed in the 

presence o f (i) 5 mM Tris buffer, and 100 pg protein/ml o f intrafollicular HDLs and 

plasma HDLs and LDLs. Cell-fi-ee incubations were carried out under the same conditions 

to assess the concentrations o f PGE2 generated fi"om the lipoprotein particles.

After the incubation, the granulosa-lutein cells were acidified and stored overnight at 

-20°C, then neutralised and aliquots o f spent medium immediately assayed for PGE2. The 

rest o f the aliquot was stored at at -20°C for analysis o f progesterone and cAMP 

concentrations.

At 100 pg protein/ml intrafollicular HDL (intrafoll-HDL), plasma HDL and plasma 

LDL had endogenous PGE2 concentrations o f 0.05±0.02 nM (n=3 samples), 0.02±0.00 

nM (n=8 ) and 0.04±0.00 nM (n=3) respectively. Following incubation o f the lipoproteins 

(in the absence o f cells) at 37°C for 24h, the respective PGE2 concentrations in ff-HDL, 

plasma HDLs and plasma LDLs increased to 1.69±0.11 nM, 1.63±0.12 nM, and 1.40±0.10 

nM. These values were unchanged by the presence o f 0.1% (v/v) DMSG or 10 pM 

indomethacin in 0.1% (v/v) DMSG.

The PGE2 concentrations measured in intrafollicular HDLs and plasma HDLs and 

LDLs incubated under cell fi*ee conditions were subtracted fi"om the PGE2 concentrations 

determined in granulosa-lutein cell incubations, and the resultant PGE2 concentrations 

generated firom the incubation o f lipoproteins with cells were presented (Figure 5.1). The 

basal PGE2 concentration, in the absence o f lipoprotein was 1.75±0.26 nM. In the 

presence o f 100 pg protein/ml o f intrafollicular HDLs, plasma HDLs and plasma LDLs, 

PGE2 concentrations were increased by 2 -fold (P<0.05, compared to basal in the absence 

o f lipoprotein, Gne-way ANGVA, with Tukey’s post hoc analysis), 4-fold (P<0.05) and 

1.5-fold (NS) respectively. In the presence o f 10 pM indomethacin, basal PGE2
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concentrations were unchanged (1.68±0.20 nM PGE2). In the presence o f 10 pM 

indomethacin, the increased PGE2 concentrations in response to intrafollicular and plasma 

HDLs were abolished (P<0.01, compared to lipoprotein responses in the absence o f 

indomethacin).

In the presence o f intrafollicular HDLs, plasma HDLs and plasma LDL 

progesterone concentrations were significantly increased by 86±16% (P<0.05; One-way 

ANGVA, with Tukey’s post hoc analysis), 123±22% (P<0.05) and 116±42% (P<0.05) 

respectively compared to basal progesterone concentrations (Figure 5.2). In the presence 

o f 10 pM indomethacin, the basal progesterone concentration was unchanged, however 

the progesterone responses to both intrafollicular HDLs and plasma HDLs, progesterone 

concentrations were abolished (P<0.05 for each, compared to fi-HDL and plasma HDL in 

the absence o f indomethacin). LDL-stimulated progesterone production was unaffected 

by the presence o f indomethacin.

In the presence o f intrafollicular HDLs, plasma HDLs and plasma LDLs, cAMP 

concentrations were significantly increased by 46±10% (P<0.05; One-way ANOVA, with 

Tukey’s post hoc analysis), 50±7% (P<0.05) and 34±14% (P<0.05) respectively

compared to basal progesterone concentrations (Figure 5.3). In the presence o f 

indomethacin, basal cAMP concentrations and the cAMP response to LDLs were 

unaffected. However, the cAMP responses to intrafollicular HDL and plasma HDLs were 

abolished by indomethacin treatment (P<0.05 for each, compared to each lipoprotein 

alone).
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Figure 5.1. Effects of indomethacin on PGE2 production by human granulosa- 

lutein cells treated with plasma and intrafollicular lipoproteins

Granulosa-lutein cells were incubated for 72h in serum-supplemented medium. On day 3 
of culture, cells were incubated for 24h with serum-free medium containing 5 mM Tris 
buffer (lipoprotein vehicle), or 100 pg protein/ml o f intrafollicular (intrafoll) HDLs, plasma 
HDLs or plasma LDLs. Incubations were performed in the presence of 0.1% (v/v) DMSG 

I  - - .1 or 10 pM indomethacin dissolved in 0.1% (v/v) DMSG EH&i. Data presented as 
mean ±(SE) nM PGE2 concentrations for 4 experiments, with quadruplicate 
determinations. Mean basal PGE2 ±SE was 1.75 ±0.26 nM (3.5±0.5 pmol PGE2/ 1 0  ̂ cells) 
increasing to 2.91 ±0.53, 6.40 ±1.55, and 2.53 ±2.3 nM with intrafollicular HDLs, plasma 
HDLs and plasma LDLs respectively. (* P<0.05, w.r.t to control in the absence o f 
lipoprotein or indomethacin; Gne-way ANGVA, Tukey’s post hoc test).
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Figure 5.2. Effects of indomethacin on progesterone production by human 

granulosa lutein cells treated with plasma and intrafollicular 

lipoproteins

Granulosa-lutein cells were incubated for 72h in serum-supplemented medium. On day 3 
o f culture, cells were incubated for 24h with serum-free medium containing 5 mM Tris 
buffer (lipoprotein vehicle), or 100 pg protein/ml o f intrafollicular (intrafoll) HDLs, plasma 
HDLs or plasma LDLs. Incubations were performed in the presence of 0.1% (v/v) DMSG
I  I or 10 pM indomethacin E32E] for 24h at 37°C . Data presented as mean% ±(SE)
progesterone concentrations for 4 experiments, with quadruplicate determinations. Basal 
progesterone concentration was 0.86 ±0.02 nmol progesterone/10̂  cells. (* f<0.05, w.r.t 
to control in the absence o f lipoprotein or indomethacin; One-way ANOVA, Tukey post 
hoc test).
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Figure 5.3. Effects of indomethacin on cAMP accumulation by human granulosa 

lutein cells treated with plasma and intrafollicular lipoproteins

Granulosa-lutein cells were incubated for 72h in serum-supplemented medium. On day 3 
o f culture, cells were incubated for 24h with serum-free medium containing 5 mM Tris 
buffer (lipoprotein vehicle), or 100 pg protein/ml o f intrafollicular (intrafoll) HDLs, plasma 
HDLs or plasma LDLs. Incubations were performed in the presence of 0.1% (v/v) DMSG
I  i or 10 pM indomethacin for 24h at 37°C. Data presented as mean%±(SE)
cAMP concentrations for 4 experiments, with quadruplicate determinations. Basal cAMP 
concentration was 126 ±11 nmol cAMP/10̂  cells. (* P<0.05, w.r.t to control in the 
absence o f lipoprotein or indomethacin; One-way ANOVA, Tukey post hoc test).
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5.3. DISCUSSION

5.3.1. PGE? in lipoproteins: the involvement o f isoprostanes

The studies presented in this Chapter demonstrate that PGE2 is present at low  

nanomolar concentrations in freshly isolated intrafollicular and plasma lipoproteins. During 

24h incubations at 37 °C o f both HDLs and LDLs in the absence o f granulosa-lutein cells, 

PGE2 concentrations were increased. Moreover, the increases in PGE2 concentrations 

were unaltered by the presence o f the PGHS inhibitor, indomethacin. This suggests that 

this increase in PGE2 concentrations may not be due to PGE2-generation, but to the 

generation o f a PGE2-like confounds, which are unaffected by the presence o f  

indomethacin. This point is supported by the fact that the PGE2 antibody used in this study 

shows 25% cross-reactivity with 8 -iso PGE2 an isomer o f PGE2, which generally occurs 

independently o f PGHS activity. Thus, the PGE2 concentrations determined by RIA, may 

not be due to PGE2 alone, but may be influenced by the presence o f isoprostanes, and their 

binding to the PGE2 antibody. Given that 8 -iso PGE2 shows 25% cross-reactivity in the 

PGE2 RIA used in this study, in principal 8 -iso PGE2 could be present at up to 40 nM in 

the lipoprotein samples used. Both 8 -iso PGF20 and 8 -iso PGE2 have been shown to have 

maximal effects in the high nanomolar range i.e., 600 nM (Delanty et al., 1996 and 1997). 

Therefore, if present at all, then isoprostanes may not be present in the samples at 

concentrations high enough to elicit a response.

The studies presented in this chapter show that storage o f lipoproteins sample for 

> 8  weeks at 4°C and > 8  weeks at -20°C prior to incubation, significantly increases the 

concentration o f PGE2-like compounds during 24h incubation at 37 °C. Moreover, 

storage o f samples after incubation for 4 weeks doubles the concentration o f PGE2-like 

compounds in the sample. The fact that these increases in PGE2-like compounds are 

unaffected by incubations in the presence o f indomethacin, and the cross reactivity o f the 

PGE2 antibody with 8 -iso-PGE2, suggests that these increases may be due to the 

generation o f isoprostanes within the samples.

Isoprostanes derived from free-radical mediated peroxidation o f arachidonic acid, 

possess potent biological activity and have been suggested as indicators o f oxidative stress 

in vivo (Morrow and Roberts, 1992; Gniwotta et al., 1997). Isoprostane formation is 

predominantly non-enzymatic, although there is some evidence that 8 -iso PGp2a can also 

be formed enzymatically. While little is understood about receptors for isoprostanes, both
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8 -iso PGp2a and 8 -iso PGE2 have been shown to activate the thromboxane receptor 

(Takabashi et ah, 1992), which in the case o f 8 -iso PGF2« results in an associated increase 

in calcium concentrations (Kinsella et al., 1997).

In this study, PGE2 concentrations o f up to 10 nM have been measured in 

lipoproteins incubated for 24h at 37°C, which are unaltered by indomethacin and may 

therefore be due to isoprostane production. To eliminate the possible generation o f 

isoprostanes in the lipoprotein samples prior to granulosa-lutein cell incubation, or the 

possible generation o f isoprostanes during sample storage after incubation, all experiments 

were peformed using freshly isolated lipoproteins stored for up to 1 week at 4°C. After 

incubation with granulosa-lutein cells, samples were assayed for PGE2 within 24h, thus 

prolonged storage o f samples at -20°C was avoided.

5.3.2. Effects o f HDLs and LDLs on PGE?. progesterone and cAMP generation bv

human granulosa-lutein cells

PGE2 concentrations were increased by granulosa-lutein cells following a 24h 

incubation in medium alone, moreover the PGE2 concentrations measured were unaffected 

by the presence o f indomethacin. This suggests that either the indomethacin concentration 

used was not potent enough to suppress prostaglandin production, although 10 pM 

indomethacin was potent enough to suppress the PGE2 responses to HDLs. Furthermore, 

a 50% decrease in PGE2 concentrations produced by human granulosa cells (Navarra et 

al., 1996) and bovine luteal cells (Del Vecchio and Sutherland, 1997) has been observed 

following with treatment 10 pM indomethacin. Alternatively, prostaglandin-derived 

compounds insenstive to indomethacin may have been generated by the luteinised 

granulosa cells.

The treatment o f granulosa cells with HDLs elevated PGE2, progesterone and 

cAMP concentrations were all significant decreased in the presence o f indomethacin, 

suggesting that the progesterone and cAMP responses to HDLs involve prostaglandin 

production. Indomethacin can be used at low micromolar concentrations to inhibit both 

PGHS-1 and PGHS-2, and at >145 pM to inhibit phospholipase A2 (Middleton and 

Middleton, 1995). A concentration o f 10 pM indomethacin was used in this study to 

specifically inhibit PGHS activity only. To distinguish which o f the PGHS isoforms may 

be involved in the PGE2 response to HDLs, specific PGHS-2 inhibitors such as
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meclofenamic acid (Sargent et al., 1988; Zeünski-Wooten et al., 1990) or NS-398 (Narko 

et al., 1997; Mikimi et a l ,  1998) could be used as well as indomethacin, in granulosa- 

lutein cells treated with HDLs. The possible inhibition o f PGHS-1 (if any), can be 

determined by looking at the differences in prostaglandin production by indomethacin and 

one o f the specific PGHS-2 inhibitors.

Overall, the data presented in this chapter shows that HDLs induce significant 

increases in PGE2, progesterone and cAMP by human granulosa-lutein cells, but does not 

elucidate the way in which these three measurements are related. When granulosa-lutein 

cells are treated with HDLs the following may be occuring:

i) HDLs may be delivering PGE2 directly to the granulosa cells, which could 

stimulate progesterone production via cAMP generation

ii) HDLs may be adding arachidonate directly to granulosa cells, or may mediate 

arachidonate mobilisation in granulosa cells, stimulating progesterone production 

via PGE2 production

iii) In keeping with point (ii), HDLs may stimulate PGHS-2 activity in granulosa-lutein 

cells, thus increasing progesterone synthesis via PGE2 production

iv) Alternatively, HDLs may modulate cAMP generation or the nuclear cAMP 

responsive binding elements in granulosa-lutein, which may subsequently stimulate 

progesterone production via PGE2 generation within the cell.

The direct delivery o f PGE2 fi*om HDLs to the granulosa cells is very unlikely, as the 

decreased PGE2 response in the presence o f indomethacin suggests that PGHS activity is 

involved in these responses, thus it is more likely that PGE2 are being generated 

intracellularly. Increases in PGHS activity can be determined by looking at PGHS-2 

expression, and the expression o f PGHS-2 protein by immunofluorescent staining using 

specific PGHS-2 specific polyclonal antibodies, in response to HDLs. PGHS-2 has been 

shown to be expressed in newly isolated granulosa cells, and are expressed in luteal 

granulosa cells upon induction by hCG (Narko et a l ,  1997). The inhibition o f HDL- 

stimulated PGE2, progesterone and cAMP concentrations presented in this chapter, and 

the expression o f PGHS-1 and -2  by human luteal cells (Narko et a l ,  1997) suggests that 

HDLs may affect PGHS activity in human granulosa-lutein cells. In support o f a role for 

HDLs in the induction o f PGHS-2 activity, HDLs have been shown to induce PGHS-2
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protein expression in human endothelial cells (Cockerill et al., 1999) and smooth muscle 

cells (Vinals et al., 1998) resulting in increased secretion o f prostacyclin. The effects o f 

HDLs on PGHS-2 activity in granulosa-lutein cells are at present unknown.

The increases in cAMP observed in these experiments are consistent with studies in 

human granulosa-lutein cells (Lopez-Bemal et al., 1995), and preovulatory foUicles o f the 

rat (Spanel-Borowski and Schlegel; Wong et al., 1989), and pig (Rhodes and Inskeep, 

1988), where both FSH and hCG have been shown to stimulate progesterone and PGE2 

via cAMP mediated signal transduction. In contrast to its ability to stimulate progesterone 

synthesis via cAMP, PGE2 has been shown to activate elements o f the phosphatidylinositol 

pathway in the primate corpus luteum (Houmard et al., 1996). Activation o f this pathway 

occurs as the luteal phase progresses and is associated with a decline in progesterone 

production.

In terms o f receptor binding, PGE2 interacts with populations o f binding sites on 

the CL o f the pig (Feng and Almond, 1996), sheep (Audicana et al., 1998), cow (Sharif et 

al., 1998), and hamster (Yang et al., 1998), with dissociation constants o f 2.76-3.39 nM 

(Sharif et al., 1998) and 0.72-9.10 nM (Yang et al., 1998) respectively. The differences in 

binding described by Sharif et al., (1998) and Yang et al., (1998), suggests multiple 

dissociation constants are present, and that multiple receptors may be involve in the 

binding o f PGE2 to luteal cell membranes.

The PGE2 binding receptor EP, has been divided into four subtypes, E Pl, EP2, 

EP3 and EP4, on the basis o f their responses to various agonists/antagonists (reviewed in 

Coleman et al., 1994). The EP receptors interact with different signalling pathways. EPl 

receptors are coupled to Câ  ̂mobilisation, EP2, and -4  are coupled to the stimulation o f 

AC, and EP3 the inhibition o f AC. Prostaglandin receptors have been described in luteal 

tissues, although the EP receptors present in human luteal tissues have not been clearly 

defined. Thus, the EP receptors which may be present in human luteal tissues and human 

granulosa-lutein cells, require investigation. In the present study the increases in PGE2 and 

cAMP concentrations may be a result o f EP2 or EP4 receptor binding. IF EP2 is involved 

in the progesterone response to HDLs, then the use o f a EP2 antagonist should abolish the 

progesterone response to HDLs. HDLs or PGE2 may interact with more than one 

receptor, thus by inhibiting the signalling pathway o f one EP receptor (using specific 

antagonists), PGE2 binding may still occur with another o f the EP receptors, thus 

stimulating progesterone production via the same, or another signalling pathway.
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The studies presented in this Chapter demonstrate that the progesterone response 

to HDLs by human granulosa-lutein cells may be mediated in part by PGE2, which may be 

generated in part from the HDL sample during incubation. The increase in cAMP 

concentrations and the descreases in cAMP concentrations by indomethacin suggest that 

PGE2 may be acting via the adenylyl cyclase-cAMP dependent pathway. This is consistent 

with the role o f PGE2 as a luteotrophin in the human ovary, and the cAMP second 

messenger pathway associated with the luteotrophic actions o f PGE2 . However, the effect 

o f HDLs on such signalling pathways requires ftirther investigation.
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Chapter Six

ANTIOXIDANTS AND EVIDENCE OF LIPID OXIDATION IN 

HUMAN FOLLICULAR FLUID

6.1. INTRODUCTION

The antioxidants present in the ovary include ascorbate, a-tocopherol, p-carotene, 

and lutein, and the enzymatic defense systems comprising catalase, superoxide dismutase 

and glutathione peroxidases, responsible for the breakdown o f ROS (Chapter One). Nitric 

oxide (NO) can act as an antioxidant by scavenging oxidants in vivo, and by inhibiting the 

expression o f enzyme systems responsible for generating reactive species (O’Donnell et 

al., 1997). NO is present in the ovary and thought to be a regulator o f blood-follicle 

barrier (Powers et al., 1995), and o f granulosa-lutein cell steroidogenesis in humans (Van 

Voorhis et al., 1994) and rats (Jablonka-Shariflf and Olson, 1997). In contrast to its role 

as an antioxidant, NO can act as a pro-oxidant, whereby it interacts directly with electron 

transfer proteins containing iron-sulphur clusters, resulting ultimately in cell cytotoxicity. 

NO can also react with superoxide anions to form peroxynitrite (reviewed in 

Ischiropoulos, 1998). Peroxynitrite can take part in a number o f chemical reactions, which 

result in the modification o f lipids (Darley-Usmar et al., 1992; O’Donnell et al., 1996), 

carbohydrates, nucleic acids (Koppenol et al., 1992), and proteins (Koppenol et al., 1992; 

Huie and Padmaja, 1993). Peroxynitrite is a highly reactive, cytotoxic agent which can 

nitrate tyrosine residues on protein molecules leading to the generation o f nitrotyrosines, 

which disrupts the protein target’s biological function. Hence nitrotyrosines can be 

measured as an index o f NO-mediated fi*ee radical induced protein modification (reviewed 

in Herce-Pagliai et al., 1998).

Within the CL, ROS including superoxide anions, hydroxyl radicals and hydrogen 

peroxide may be generated fi*om the highly active cytochrome P450 enzyme complex 

(Sawada and Carlson, 1988 and 1991; Riley and Behrman, 1991a and b), leucocytes and 

macrophages (Best et al., 1994; Brannstrom and Friden, 1997). Evidence has 

accumulated over recent years demonstrating the presence o f ROS in luteal tissues, hence 

it may be postulated that ROS play a role in ovarian function, and are involved in the 

luteolytic process (described in Chapter One). In support o f this, ROS have been
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associated with increased lipid peroxidation in luteal cell membranes, leading to alterations 

in membrane fluidity and permeability (Greenhalgh, 1990; Sawada and Carlson, 1991). 

However, while many in vitro studies have demonstrated evidence o f lipid peroxidation 

and products o f lipid peroxidation, in rat and porcine tissues, such mechanisms have not 

been described for human ovarian tissues.

As described in the preceeding chapters, HDLs and LDLs play important roles in 

progesterone synthesis by granulosa-lutein cells. Unsaturated lipids contained in the 

lipoprotein particles, as well as plasma membranes are prone to attack by ROS, resulting in 

the formation o f lipid peroxides, hydroperoxides (described in Chapter One), and 

aldehydes formed from the decomposition o f lipid peroxides, such as malondialdehyde 

(MDA) (Esterbauer et al., 1995). In the case LDLs, oxidation leads to the modification o f 

its apolipoprotein, resulting in the particles loss o f affinity for the LDL receptor, such that 

oxidatively modified LDL are recognised by scavenger receptors (reviewed in Aviram 

aand Fuhrman, 1998). Scavenger receptors are expressed on many cell types including 

macrophages, which can bind and internalise LDL particles leading to profound patho

physiological effects. Moreover, macrophages are present in ovarian follicles at the time 

o f ovulation, lutéinisation and atresia (Brannstrom and Friden, 1997; Castro et al., 1998; 

Suzuki et al., 1998), and may therefore be potentially involved in the uptake o f oxidised 

lipoproteins in ovarian tissues in vivo.

Considering, the presence o f lipoproteins and ROS throughout the reproductive 

cycle, and the diverse actions o f oxidised lipoproteins following interactions with 

macrophages in the vasculature, it may be postulated that lipoproteins present in the ovary 

are subjected to lipid oxidation in vivo and in vitro. Moreover, following the diverse 

actions o f oxidised lipoproteins, and their interactions with macrophages (present in luteal 

cell populations), implications arise regarding the role o f oxidatively modified lipoproteins 

in ovarian function.

The studies in this chapter were undertaken to assess evidence o f lipid oxidation 

and NO-induced protein modification in human preovulatory follicular fluid, in relation to 

local antioxidant concentrations. The lipoproteins present in follicular fluid were isolated 

and associated levels o f lipoprotein oxidation assessed.
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6.2. RESULTS

6.2.1. Analysis o f human follicular fluid

Human follicular fluid samples were subjected to HPLC analysis for measurement 

o f TEARS (section 2.3.1), a-tocopherol and p-carotene (section 2.3.4), ascorbate (section

2.3.2), and dehydroascorbate (section 2.3.3). Free-radical mediated protein modification 

was determined by measuring nitrotyrosines using an ELISA method (section 2.4) and 

hpid peroxides using the spectrophotometric FOX assay (section 2.9.1). Progesterone 

concentrations were determined in samples using progesterone RIA (section 2.12.1). The 

data accummulated from each analyses showed a skewed distribution (Appendix III), thus 

comparisons were made using the non-parametric Spearman’s ranked correlation.

Measurements o f antioxidants and lipid oxidation showed positively skewed 

distributions (Appendix HI), therefore median concentrations for a given range were 

presented for each data set in Table 6.1. Human follicular fluids showed evidence o f 

TEARS in all samples, and had low concentrations (nM) o f nitrotyrosine. Corresponding 

fluid samples showed high concentrations o f ascorbate and dehydroascorbate, and low  

concentrations o f a-tocopherol. Concentrations o f p-carotene were consistently low in all 

follicular fluid sangles. Spearman’s Ranked Correlations were performed on TEARS data 

and corresponding concentrations o f a-tocopherol (Figures 6.1a), ascorbate (Figures 

6.1b), and the ratios o f ascorbate/dehydroascorbate (Figures 6.1c). There were no 

significant correlations between TEARS and a-tocopherol [Spearman’s ranked 

Correlation (rg)= 0.093, P>0.5; n=16], or TEARS and ascorbate (rg= 0.057, B>0.5; n=39). 

However, TEARS concentrations showed significant positive correlation with the ratios o f 

ascorbate to dehydroascorbate in each sample [Spearman’s ranked Correlation (rs= 0.441, 

P<0.01; n=35). A correlation was not performed between TEARS and p-carotene 

concentrations, as the latter were consistently low in all follicular fluid samples analysed. 

Concentrations o f dehydroascorbate and ascorbate showed a significant positive 

correlation (rs=0.576, P<0.001; n=39) (Figure 6.2).

Progesterone concentrations in rat ovarian tissues have been shown to increase 

following ascorbate depletion in response to LH (Sato et al., 1992; Aten et al., 1992). A 

ranked correlation performed between progesterone and ascorbate concentrations 

measured in the follicular fluid samples, indicated there was no significant relationship 

between progesterone and ascorbate concentrations (rs=0.215, R>0.1; n=29)(Figure 6.3).
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Table 6.1. Composition of human follicular fluid

Measurement Median Follicular Fluid 
Concentration (tiM)

Range («) Plasma Concentration Range (pM) (Ref)

Free Radical activity;

lipid peroxides < 1 <1 (40) < 0 .1 (Freie/ûr/., 1988)

nitrotyrosines 0 . 0 2 0.01 - 0.80 (40) 0 .12-0 .15 (Khan gf a/., 1998)

TEARS 3.4 1 .2 -10 .0  (42) 0.6 -1.4 (Chirico et al.  ̂ 1993)

Antioxidants:

a-tocopherol 5.3 3 .5 -1 1 .7  (41) 1 4 -4 4 (Rice-Evans & Bruckdorfer, 1992)

ascorbate 45.0 14.4- 107 (6 8 ) 34-111 (Rice-Evans & Bruckdorfer, 1992)

p-carotene 0.5 0.5 - 0.7 (41) < 0 .7 (Rice-Evans & Bruckdorfer, 1992)

dehydroascorbate 3.6 0 .7 -1 7 .7  (38) <0.5 (Bianchi and Rose, 1986)

progesterone 4.4 1 .1 -9 .4  (50) 2 - 6 (Volpe et al., 1991)

Human follicular fluids were analysed for evidence o f lipid oxidation (TEARS, lipid peroxides) and free radical-induced protein 
modification (nitrotyrosine), antioxidant composition (a-tocopherol, ascorbate, P-carotene, dehydroascorbate) and progesterone 
concentrations were as described in Chapter Two.
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Figure 6.1a. Spearman ranked correlation between a-tocopherol and TEARS 

concentrations determined for human follicular fluids

TEARS and a-tocopherol concentrations were measured in 14 follicular fluids using 
HPLC analysis (section 2.3). The data accumulated fi*om these two measurements each 
displayed positively skewed distributions (Appendix IQ), therefore Spearman’s Correlation 
was performed on ranked data.
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Figure 6.1b. Spearman ranked correlation between ascorbate and TBARS 

concentrations determined for human follicular fluids

TBARS and ascorbate concentrations were measured in 39 follicular fluids using HPLC 
analysis (section 2.3). The data accumulated fi*om these two measurements each displayed 
positively skewed distributions (Appendix III), therefore Spearman’s Correlation was 
performed on ranked data.

173



rs  = 0.441 
P<0.01

40 1

c  3 0 -
o
CD

g  o
<  ^  20 - 
CD O
H  T3

c
2 1 0 -

0 10 20 30 40

asco rb a te /d eh y d ro asco rb a te
ranked observation

Figure 6.1c. Spearman ranked correlation between the ratio o f ascorbate to 

dehydroascorbate, and TEARS concentrations determined for human 

follicular fluids

TEARS, ascorbate and dehydroascorbate concentrations were measured in 35 follicular 
fluids using HPLC analysis (section 2.3). The ascorbate to dehydroascorbate ratios were 
determined and correlated to the TEARS. The data accumulated from these two 
measurements each displayed positively skewed distributions (Appendix III), therefore 
Spearman’s Correlation was performed on ranked data.
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Figure 6.2. Spearman ranked correlation between ascorbate and 

dehydroascorbate concentrations determined for human follicular 

fluids

Dehydroascorbate and ascorbate concentrations were measured in 39 follicular fluids using 
HPLC analysis (section 2.3). The data accumulated fi’om these two measurements each 
displayed positively skewed distributions (Appendix III), therefore Spearman’s Correlation 
was performed on ranked data.
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Figure 6.3. Spearman ranked correlation between progesterone and ascorbate 

concentrations determined for human follicular fluids

Progesterone and ascorbate concentrations were measured in 27 follicular fluids using 
HPLC analysis (section 2.3). The data accumulated fi'om these two measurements each 
displayed positively skewed distributions (Appendix III), therefore Spearman’s Correlation 
was performed on ranked data.
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6.2.2. Analysis o f HDLs isolated from human follicular fluid

Total lipoproteins were isolated from individual human follicular fluids and 

subjected to agarose gel electrophoresis, followed by protein staining with Coomassie blue 

to identify the different lipoproteins present, and to detemine whether trace amounts o f 

apolipoprotein B were present. Agarose gel electrophoresis o f total lipoprotein isolated 

from human follicular fluid contained HDLs only (Figure 6.4), with similar mobility to that 

of HDLs isolated from human plasma. HDL samples had a median concentration for 

protein and cholesterol o f 4.1 mg/ml: range={l.4-8.2 mg/ml} and 0.85 mg/ml: 

range={0.06-2.42} respectively

mHDL

LDL

Figure 6.4. Agarose gel electrophoresis of intrafollicular HDLs

Total lipoprotein isolated from 8  individual follicular fluids (lanes 2-9) and plasma 
(lane 1) were electrophoresed on pre-cast 1% (w/v) agarose gels for 90 min at 
90V, and 30 mA. The gel was dried at 60°C prior to staining with 0.5% (w/v) 
Coomassie blue stain. The gel was destained overnight at room temperature.

Given the presence o f TBARS in human follicular fluid, analyses were performed 

on 20 intrafollicular HDL samples to assess evidence o f lipoprotein oxidation, by 

measuring TBARS, lipid peroxides and the corresponding concentrations o f a-tocopherol 

(Table 6.2). Despite high concentrations o f a-tocopherol, the HDL samples had high 

concentrations o f TBARS and lipid peroxides (Table 6.2). TBARS concentrations showed 

highly significant positive Spearmans Correlation with lipid peroxides (rs=0.881, 

R<0.0001, n=20) (Figure 6.5). There were no significant correlations between 

concentrations o f TBARS and a-tocopherol (data not shown: rs=0.001, f>0.5; n=20), or 

lipid peroxides and a-tocopherol (data not shown: rs= -0.090, f>0.5; n=20).
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Table 6.2. Measurements of products of lipid oxidation and a-tocopherol in 

20 HDL samples isolated from individual human follicular fluids.

Measurement Median concentration 
(nmol/mg protein)

Range (n=20)

lipid peroxides 16.6 5.3 - 44.5

TBARS 4.1 2.5 - 6.5

a-tocopherol 14.6 0.8 - 77.5

HDLs were isolated from 20 individual follicular fluids by ultracentrifugation (section
2.4.3), and assayed for TBARS using the spectrophotometric method (section 2.9.2). 
HDL samples were also analysed for lipid peroxides using the FOX assay (section 2.9.1), 
and a-tocopherol using HPLC analysis (section 2.3.4).
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Figure 6.5. Spearman ranked correlation between lipid peroxide and TBARS 

concentrations determined for 20 HDL samples isolated from human 

follicular fluid

Lipid peroxides and TBARS concentrations were measured in 20 intrafollicular HDL 
samples (see legend for Table 6.2). The data accumulated from these two measurements 
each displayed positively skewed distributions, therefore Spearmans Correlation was 
performed on ranked data.
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6.3. DISCUSSION

6.3.1. Evidence o f lipid peroxidation and nitrotvrosme activity in human follicular fluids

The studies reported in this Chapter, show evidence o f lipid oxidation in human 

follicular fluids. Furthermore, the measurements o f lipid oxidation appear to be localised 

in part to the HDLs present in human follicular fluid.

Human follicular fluids had high TBARS concentrations compared to the plasma 

literature values, but contained low lipid peroxides concentrations o f <lpM . The low  

peroxide content o f human follicular fluid, in the presence o f high TBARS concentrations, 

may be a reflection o f the insensitivity o f the spectrophotometric assay used for analysis o f 

these biological fluids. In contrast to the low lipid peroxide content o f human follicular 

fluid, HDL samples isolated fi*om follicular fluids (therefore devoid o f interfering 

components normally found in biological fluids), had high TBARS and lipid peroxide 

concentrations. Moreover, the ranked observations for both TBARS and lipid peroxides 

showed a highly significant positive correlation. Although the mobility o f the HDL 

particles on agarose gel electrophoresis did not differ to native plasma HDL (as would be 

expected for oxidised lipoproteins), the increased TBARS and lipid peroxide contents are 

indicative o f oxidatively modified HDLs.

This is the first study to report products o f lipid oxidation in human follicular fluid, 

or to characterise the oxidation status o f intrafollicular HDLs. While it has been suggested 

that ROS play a role in ovulation (Tsafiriri, 1995), and could therefore be present in 

preovulatory follicular fluid, there have been no such reports presented for human 

follicular fluid. Elevate concentrations o f lipid peroxides have been measured in other 

biological fluids such as subretinal fluid (Bosch-Morell et al., 1996), and in cord blood as a 

result o f labour (Stipek et al., 1995; Rogers et al., 1998). Moreover, the increased 

peroxide levels have been correlated with decreased SOD activity (Stipek et a l ,  1995). 

The activities o f SOD, catalase and glutathione-related enzymes, influence ROS activity 

implicated in ovulation (Sugino et a l ,  1998). Thus, in the present study, the increased 

TBARS content o f follicular fluid may also be due to decreased antioxidant enzyme 

activity, resulting in elevated ROS and possibly Kpid peroxidation. However, the activités 

o f these antioxidant enzymes were not determined in the present study.
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The demonstration that intrafollicular HDLs were mildy oxidised suggests that in vivo, 

oxidatively modified HDLs:

(i) may be formed as a result o f the physiological changes which occur in the follicle

prior to ovulation, possibly related to decreased antioxidant status, and/or increased 

ROS production,

(ii) could be involved in the process o f ovulation, or

(iii) may influence the steroidogenic capacity o f the preovulatory follicular tissue.

Nitrotyrosine concentrations, determined in human follicular fluid as a measure o f 

NO-related fi"ee radical-induced protein modification, were found to be 10-fold lower than 

those previously reported for human plasma (Khan et al., 1998). Increased concentrations 

o f nitrotyrosine have been detected in synovial fluids fi'om rheumatoid patients (Kaur and 

Halliwell, 1994), and are implicated in the inflammatory process, which may also be 

influenced by ROS activity. If ROS are actively involved in ovulation, and high 

concentrations o f NO metabolites (a measure o f nitric oxide), are present in human 

follicular fluids (Sugino et al., 1996; Tao et al., 1997), this suggests that peroxynitrite 

activity may be increased in human follicular fluid. However the low nitrotyrosine 

concentrations presented in this chapter, suggests that human follicular fluid may contain 

low levels o f peroxynitrite activity. This may be reflected by limited generation o f nitric 

oxide and/or superoxide anion prior to ovulation.

Despite the low levels o f NO-related fi'ee radical protein modification determined 

in human follicular fluid, the presence o f TBARS, as well as the localisation o f TBARS 

and lipid peroxides to intrafollicular HDLs, are indicative o f local lipid oxidation in the 

preovulatory follicle. While the local concentrations o f antioxidant enzymes could not be 

determined in the present study, the antioxidant vitamins were determined in human 

follicular fluid and correlated with corresponding TBARS concentrations.

6.3.2. Antioxidant concentrations in human follicular fluid

Lipid oxidation products were detectable in follicular fluid despite the presence o f 

several antioxidants, at concentrations comparable to those reported for human plasma. 

Concentrations o f a-tocopherol in human follicular fluid were low compared to values 

reported for plasma (Rice-Evans and Bruckdorfer, 1992), which is probably due to the
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absence o f LDLs in human follicular fluid. Concentrations o f a-tocopherol have been 

shown to vary across the reproductive cycle o f healthy pre-menopausal women (Lanza et 

al., 1998), and are thought to correlate the presence o f LDLs in luteal tissue. In bovine 

follicular fluid, a-tocopherol and p-carotene have been shown to correlate significantly 

with each other (Schweigert and Zucker, 1988). Moreover, it has been shown that HDL- 

bound P-carotene is detected in bovine follicular fluid (Schweigert and Zucker, 1988). The 

low concentrations o f a-tocopherol appeared to be mainly associated with intrafollicular 

HDLs, which transports lower concentrations o f a-tocopherol compared to plasma LDL 

particles. Given that, HDL are mildly oxidised despite the presence o f a-tocopherol, 

suggests that a-tocopherol may be displaying pro-oxidant rather than antioxidant 

properties. In intrafollicular HDLs, a-tocopherol concentrations showed no significant 

correlations with either lipid peroxides or TBARS (data not shown).

The antioxidant, uric acid, which is contained in human plasma at 2-3 fold higher 

concentrations than ascorbate (Schlotte et al., 1998), was also evident at similar 

concentrations in the human follicular fluid samples (data not presented). This antioxidant 

has also been shown to supress the oxidative degradation o f LDL in vitro (Schlotte et al., 

1998). The ascorbate levels determined in this Chapter are in agreement with those 

previously reported for human follicular fluid (Luck, et al., 1995), and are similar to the 

wide concentration range reported for human plasma (reviewed in Rice-Evans and 

Bruckdorfer, 1992). However, this is the first study to report the corresponding 

concentrations o f dehydroascorbate in human follicular fluid. Dehydroascorbate levels 

were higher in follicular fluid compared to concentrations previously reported for plasma 

(Bianchi and Rose, 1986). In its role as an antioxidant, ascorbate is oxidised to 

dehydroascorbate, hence their concentrations may be expected to correlate inversely. 

However, in the present study, ascorbate and dehydroascorbate showed a significant 

positive correlation in follicular fluids samples. Although, TBARS concentrations did not 

significantly correlate with either ascorbate or dehydroascorbate (data not shown; 

rs= -0.057, P>0.5, n=16) alone, TBARS were positively correlated with the ascorbate to 

dehydroascorbate ratio. This suggests that the redox partnership between ascorbate and 

dehydroascorbate is important for regulating lipid oxidation in preovulatory follicular fluid, 

rather than each antioxidant on its own. It has been suggested that ascorbate is converted 

to dehydroascorbate for cellular uptake, after which it is reduced back to ascorbate, which
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then carries out its functions in the cell (Washko et al., 1993). Dehydroascorbate is 

described as the major transportable form o f ascorbate, present in many tissues, which 

utilise ascorbate for cellular functions (Washko et al., 1993; Kodaman et a l, 1998).

In luteal tissues, rapid ascorbate depletion is induced by LH and PGF]» treatment 

(Sato et a l ,  1974; Aten et a l ,  1992; Endo et a l ,  1993), although the mechanisms by 

which prostaglandins and LH induce ascorbate depletion are unknown. Both PGFza and 

high concentrations o f LH have been shown to increases ROS production in the CL 

(Sawada and Carlson, 1988 and 1991; Riley and Behrman, 1991a; Aten et a l ,  1992; 

Sugino et a l ,  1996). Thus, if  ROS are increased via LH stimulation then they may be 

rapidly scavenged by ascorbate, resulting in increased dehydroascorbate formation, and the 

depletion o f ascorbate. Given that LH stimulates progesterone production in ovarian cells 

and has been shown to induce ascorbate depletion, this suggests that ascorbate 

concentrations may be expected to show a negative correlation with progesterone 

concentrations. However, the data presented in this chapter show that concentrations o f 

ascorbate and progesterone showed no significant correlation in human follicular fluids.

Progesterone has been shown to inhibit ROS production by rat luteal cells (Sugino 

et a l ,  1996). Moreover, both progesterone and oestradiol, display antioxidant properties 

(Miura et a l ,  1996; Wakatsuki et a l ,  1998; Babenko et a l ,  1998; Ayres et a l ,  1998; 

Nathan and Chaudhuri, 1998), and have been shown to protect against lipid oxidation 

(Roof et a l ,  1997), and lipoprotein oxidation in vitro (Wakatsuki et a l ,  1998). In 

contrast to the antioxdant properties o f progesterone and oestradiol, both DHEA and 

testosterone display oxidative effects on lipids and proteins (Chainy et a l ,  1997; 

Swierczynski and Mayer, 1998). Given that oestradiol and progesterone are the dominant 

steroid hormones present in human follicular fluid (reviewed in Anderson, 1997), they may 

provide further antioxidant protection to intrafollicular lipid and lipoproteins. Whether 

progesterone or oestradiol has any influence on oxidative stress, which may occur during 

basement membrane breakdown in the ovarian follicle, or in the oxidative modification o f  

ovarian lipoproteins in vivo, is at present unknown. If progesterone does inhibit ROS 

production by luteal cells, then it may be proposed that progesterone displays antioxidant 

properties against lipid oxidation, and hence TBARS formation. However, in the present 

study there was no significant correlation between between progesterone concentrations 

and corresponding TBARS concentrations (data not shown; Ts= 0.031, P>0.5, n=34).
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The increased levels o f TBARS reported in this chapter, are surprising in light o f  

the high progesterone concentrations and antioxidant status o f human follicular fluid. In 

general, preovulatory follicular fluid is composed o f many antioxidants including those 

presented in this chapter as well as carotenoids (a- and P-carotene, vitamins A and lutein) 

(Schweigert and Zucker, 1988) and bilirubin (Bayer et al., 1992). However, the 

relationship o f these antioxidants with lipid oxidation (if any) could not be examined in the 

present study.

In summary, despite the presence o f numerous antioxidants, human foUicluar fluid 

shows evidence o f lipid oxidation in human follicular fluid. Moreover, these oxidised lipid 

products appear to be associated with intrafollicular HDLs, which due to its TBARS 

concentrations can be described as minimally modified. The significance o f such levels o f 

lipoprotein oxidation and antioxidants on the progesterone response to lipoproteins by 

human granulosa-luteal cells is investigated in Chapter Seven.
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Chapter Seven

FACTORS AFFECTING THE STEROIDOGENIC RESPONSE TO 

LIPOPROTEINS

7.1. INTRODUCTION

In addition to the steroidogenic roles o f HDLs and LDLs described in Chapters 

Three, Four and Five, these lipoproteins play a central role in vascular disease. The 

oxidation o f LDLs, associated with the progression o f atherosclerosis (Witztum, 1994), 

involves the peroxidation o f the lipid components and, subsequent modification o f the 

apolipoproteins such that the particle is no longer recognised by its native receptor 

(described in Chapter One). Instead, oxidised LDLs, are recognised by scavenger 

receptors expressed on macrophages, which can bind and internalise the particles leading 

to patho-physiological effects (Chapter One). While HDLs are thought to accumulate and 

transport lipid peroxides in vivo, pathological effects associated with HDL oxidation are 

unknown.

The studies performed in Chapter Six, provide evidence o f TBARS in human 

follicular fluids. Moreover, these oxidised lipid products were found to be associated in 

part with HDLs present in human follicular fluid. Considering the diverse actions o f 

modified lipoproteins (Chapter One), and the presence o f leucocytes within luteal cell 

populations (Brannstrom and Friden, 1997), interesting implications arise regarding a role 

for oxidatively modified lipoproteins in ovarian function.

The studies reported in this chapter, investigate the effects o f native and oxidised 

HDLs and LDLs upon progesterone synthesis by human granulosa-lutein cells. Given that 

oxidised lipoproteins can be taken up by macrophages via interaction with the macrophage 

scavenger receptor, and leucocytes are present in the follicle and CL (Petrovska et al., 

1992; Best et at., 1994), the question arises as to whether the exclusion o f leucocytes fi'om 

human granulosa-lutein cell cultures influence the steroidogenic responses to native and 

oxidised HDLs and LDLs.
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7.2. RESULTS

7.2.1. The oxidation o f plasma lipoproteins

The present study has suggested that intrafollicular HDLs are mildly oxidised 

(chapter six), and despite this level o f oxidation, intrafollicular HDLs stimulate basal 

progesterone production by granulosa-lutein cells (chapter three, and five). The 

interpretation o f the stimulatory effects o f intrafollicular HDLs are difBcult for the reasons 

discussed in chapter three, and also due to limited supply o f human follicular fluids. To 

investigate the effects o f oxidised lipoproteins further, and to assess their effects on basal 

and agonist-stimulated progesterone production by human granulosa-lutein cells, HDLs 

and LDLs isolated fi’om human plasma were chemically oxidised in vitro using copper 

ions. Although, the use o f copper ions to oxidise lipoproteins is not physiological, this 

method was used to achieve physiologically relevant levels o f lipoprotein oxidation, 

comparable to those determined for intrafollicular HDLs in Chapter Six. The extent o f  

lipid oxidation was assessed using the TBARS assay (section 2.9.2) and expressed as nmol 

TBARS/mg protein. The TBARS concentration for native (not subjected to oxidation) 

HDLs and LDLs, and oxidised HDLs and LDLs are presented in Table 7.1. The oxidation 

o f HDLs and LDLs at the high protein concentrations (as described in the legend o f Table 

7.1), decreases the extent o f copper ion induced oxidation compared to that observed for 

low lipoprotein concentrations e.g., 1-2 mg protein/ml (Rice-Evans et al., 1996).

Table 7.1. TBARS concentrations of native and oxidised plasma lipoproteins

Lipoprotein samples TBARS concentration 

[nmol TBARS/mg protein]

native HDL 0.7 ±0.2
native LDL 0 . 6  ±0 . 6

oxidised HDL 3.6 ±0.6
oxidised LDL 3.7 ±0.4

HDLs and LDLs isolated from human plasma by ultracentrifugation were chemically 
oxidised in vitro at protein concentrations o f 10-13 mg/ml and 4-6 mg/ml respectively. 
Oxidation was achieved by the addition o f 1 mM cupric sulphate, to achieve final copper 
concentrations o f 5pM and 6.4pM per mg protein/ml for HDLs and LDLs respectively. 
Each lipoprotein was incubated for 20h at 37°C, after which time oxidation was terminated 
by adding 1.5 volumes o f 1 mM DTPA per volume 1 mM cupric sulphate used initially. 
The oxidised lipoproteins were dialysed against tris buffer, and the degree o f lipoprotein 
oxidation measured as nmol TBARS/mg protein, was evaluated using the 
spectrophotometric TBARS assay (section 2.9.2).
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7.2.2. The effect o f lipoprotein oxidation on the progesterone response to HDLs and

LDLs by human granulosa-lutein cells

To investigate the efifects o f oxidised lipoproteins on progesterone production, 

human granulosa-lutein cells were treated with both native and oxidised HDLs and LDLs 

(see Table 7.1). Granulosa cells were cultured for 72h in serum-supplemented medium. 

On day 3 o f culture, granulosa-lutein cells were treated for 24 h in serum-free medium, in 

the presence and absence o f 100 ng/ml hCG. The incubations were performed in the 

presence o f 100 pg protein/ml o f native (n) and oxidised (ox) HDLs or LDLs. Analyses o f  

the experimental data by Two-way ANOVA revealed a significant effect o f lipoproteins 

(P<0.01), and hCG (P<0.01) across all experiments. Multiple comparisons within 

experiments were performed using Student’s r-tests.

In granulosa cells incubated with nHDLs, nLDLs, oxHDLs and oxLDLs alone 

(Figure 7.1.a), progesterone concentrations were increased by 253±40%, 235±83%, 

165±30%, and 151±52% respectively (P<0.05 for each treatment, relative to progesterone 

production in the absence o f lipoproteins; unpaired Student’s /-test). Although, the 

progesterone response to oxidised lipoproteins was consistently lower than the response to 

native lipoproteins, the differences between native and oxidised lipoproteins were not 

significant.

In the presence o f 100 ng hCG/ml, progesterone production increased by 123±29% 

(f<0.05). Native HDLs, nLDLs, oxHDLs and oxLDLs increased hCG-stimulated 

progesterone by 201 ±64% (f<0.001, relative to hCG alone) 208±58% (P<0.001), 

101±65% (P<0.05) and 92±35% (P<0.05) respectively. Thus the hCG-stimulated 

progesterone responses to oxHDLs and oxLDLs were 36±7% (P<0.05) and 36±7% lower 

(f<0.01) than the hCG-stimulated progesterone responses to native HDLs and LDLs 

respectively.
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7.2.3. The effects o f leucocvte-depletion from granulosa cells on the progesterone

response to native and oxidised lipoproteins

Given that granulosa cell preparations isolated from follicular aspirates contain 

approximately 13-60% leucocytes and macrophages (Evagelatou et al., 1997), which may 

take up oxidised lipoproteins, granulosa cell were depleted o f CD45^ cells and the 

progesterone responses to native and oxidised HDLs and LDLs examined.

CD45^-depleted granulosa cells were cultured for 72h in serum-supplemented 

medium. On day 3 o f culture, CD45^-depleted granulosa-lutein cells were treated for 24 h 

in serum-free medium containing, 100 ng/ml hCG. The incubations were performed in the 

presence and 100 pg protein/ml o f nHDLs, nLDLs, oxHDLs or oxLDLs. The absolute 

basal progesterone concentrations o f CD45^-depleted granulosa-lutein cells incubated over 

24h were significantly lower [(2.6±0.7 nmol progesterone/10^ granulosa cells, n=3) 

(P<0.05)] compared to basal progesterone o f the non-depleted granulosa cell preparations 

(6.1±1.5 nmol progesterone/10^ granulosa cells plus CD45^ cells, n=3). Analyses o f the 

experimental data by Two-way ANOVA revealed a significant effect o f lipoproteins 

(P<0.01) and hCG (P<0.01) across all experiments. Multiple comparisons within 

experiments were performed using Student’s f-tests.

In CD45^-depleted granulosa-lutein cells incubated with nHDLs, nLDLs, oxHDLs 

and oxLDLs, the progesterone concentrations were increased by 121±43%, 163±13% 

98±47%, and 128±6% respectively {P< 0.05 for each treatment compared to progesterone 

concentrations in the absence o f lipoprotein). There were no significant differences 

between the progesterone responses to native and oxidised lipoproteins.

In the presence o f 100 ng/ml hCG, progesterone concentrations were increased by 

145±79% (P<0.05, relative to basal progesterone production). Native HDLs, nLDLs, 

oxHDLs and oxLDLs increased hCG-stimulated progesterone production by 278±89% 

(P<0.001, relative to hCG alone), 261±90% (P<0.001), 167±53% (P<0.05) and 121±71% 

(P<0.05) respectively. The hCG-stimulated progesterone responses to oxHDLs and 

oxLDLs were 34±7% (f<0.05) and 38±4% lower (f<0.01) than the hCG-stimulated 

progesterone responses to native HDLs and LDLs respectively.

The interactive stimulation o f progesterone production by native and oxidised 

lipoproteins, and hCG were consistently larger in leucocyte-depleted granulosa-lutein 

cultures, versus non-depleted cells, although these differences did not achieve significance.
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Figure 7.1(a). Effects of native and oxidised HDLs and LDLs on basai and hCG- 

stimulated progesterone production by human granulosa-lutein cells

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium. On day 3 o f 
culture, cells were incubated for 24h with serum-free medium containing (i) medium
alone I 1 or (ii)lOO ng/ml h C G ^ ^  . Incubations were performed in the presence o f 5
mM Tris buffer (no lipoprotein) or 100 pg protein/ml o f native (n) or oxidised (ox) HDLs 
and LDLs. Data presented as mean% (±SE) o f basal progesterone concentrations for 3 
experiments with triplicate determinations in each experiment. Basal progesterone was 
5.5 ±0.3 nmol progesterone/10̂  cells increasing to 17.8 ±3.5 and 16.4 ±4.1 nmol 
progesterone/10̂  cells with nHDLs and nLDLs respectively. [Two-way ANOVA showed 
significant effects across lipoprotein and gonadotrophin treatments (f<0.01). Comparisons 
within experiments were performed using the unpaired Student’s /-test (* f<0.05, 

<0.001 w.r.t to progesterone concentrations in the presence o f hCG; All treatments 
significantly stimulated basal progesterone production (P<0.05)]
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Figure 7.1 (b). Effects of native and oxidised HDLs and LDLs on basai and hCG- 

stimulated progesterone production by human granulosa-lutein cells

Granulosa-lutein cells depleted o f CD45^ cells were cultured for 72h in serum- 
supplemented medium. On day 3 o f culture, cells were incubated for 24h with serum-free
medium containing (i) medium alone • lor (ii)lOO ng/ml hCG C-Z3  ̂ as described in
legend o f Figure 7.1 (a). Data presented as mean% ±(SE) o f basal progesterone 
concentrations for 3 experiments with triplicate determinations in each experiment. Basal 
progesterone was 2.6 ±0.7 nmol progesterone/10̂  cells increasing to 6.0 ±0.7 and 6.7 ±2.5 
nmol progesterone/10̂  cells with HDLs and LDLs respectively. [Two-way ANOVA 
showed significant effects across lipoprotein and gonadotrophin treatments (f< 0 .0 1 ). 
Comparisons within experiments were performed using the unpaired Student’s ^-test 
(*f<0.05, <0.001 w.r.t to progesterone concentrations in the presence o f hCG; All
treatments significantly stimulated basal progesterone production (P<0.05)].
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7.2.4. The effects o f ascorbate and dehydroascorbate on the progesterone responses to

HDLs and LDLs

Experiments were performed to investigate the effects o f a-tocopherol, ascorbate 

and dehydroascorbate (at their respective concentrations measured in human follicular 

fluids Chapter Six), on the progesterone responses to HDLs and LDLs by human 

granulosa-lutein cells. Granulosa cells were cultured for 72h in serum-supplemented 

medium. On day 3 o f culture, granulosa-lutein cells were treated for 24 h in serum-fi*ee 

medium containing, 50 pM ascorbate, 5 pM dehydroascorbate, in the presence and 

absence o f 100 pM dithiothreitol. Dithiothreitol is a reducing agent, which prevents the 

autooxidation o f ascorbate to dehydroascorbate. The incubations were performed in the 

presence and absence o f 100 pg protein/ml o f HDLs or LDLs. Analyses o f the 

experimental data by Two-way ANOVA revealed a significant effect o f lipoproteins and 

antioxidants (f<0.01), and dithiothreitol (f<0.01) across all experiments. Multiple 

comparisons within experiments were performed using Student’s t-tests.

Both HDLs and LDLs significantly increased basal progesterone concentrations by 

2-fold (P<0.05, compared to progesterone in the absence o f lipoprotein, unpaired 

Student’s t-tests). Treatment o f granulosa-lutein cells with 50 pM ascorbate and 5 pM 

dehydroascorbate increased progesterone production by 66±9% and 74±12% (P<0.05, for 

each treatment) respectively (Figure 7.2, Panel A). Ascorbate and dehydroascorbate 

increased the progesterone responses to HDLs by 49±9% and 44±12% respectively 

(P<0.05). Ascorbate and dehydroascorbate increased the progesterone responses to LDLs 

by 52±9% and 43±12% (P<0.05) respectively.

In the presence o f 100 pM dithiothreitol, basal progesterone concentrations (in the 

absence o f lipoproteins or antioxidants), and the progesterone responses to both HDLs 

and LDLs and dehydroascorbate were unchanged. However, the progesterone response to 

ascorbate was abolished in the presence o f dithiothreitol (P<0.05, relative to ascorbate in 

the absence o f dithiothreitol) (Figure 7.2, Panel B). The presence o f dithiothreitol 

abolished the effects o f ascorbate on the progesterone responses to HDLs and LDLs 

(P<0.05 for each, relative to HDL/LDL+ ascorbate in the absence o f dithiothreitol).

191



(C

s  500-

g 300

« 200
S
o 100

[A] -dithiothreitol P<0.05

P<0.05

[

i i
i

<0

%
n

oc
2
£
S
O)o

[B] + dithiothreitol 

500 n P<0.05

400 - 

300 - 

200 -  

100 -

P<0.05

rîn
" i"

f

no antioxidant ascorbate dehydro
ascorbate

Figure 7.2. Effects of ascorbate and dehydroascorbate on the progesterone

responses to HDLs and LDLs

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium. On day 3 o f 
culture, cells were incubated for 24h with serum-free medium for 24h Granulosa-lutein 
cells were treated on day 3 for 24h in serum-free medium containing deionised water,
50pM ascorbate, or 5pM dehydroascorbate, in presence o f 5 mM tris buffer •-----1,100 pg
HDL protein/ml or L—u  , 100 pg LDL protein/mll 1 . Incubations were carried out in
the absence [A] or presence [B] o f 100 pM dithiothreitol. Data presented as mean% 
increase ±SE of basal progesterone (n=3, with quadruplicate determinations). Basal 
progesterone was 41 ±3 and 41 ±2 pmol progesterone/10̂  cells in the absence and 
presence o f dithiothreitol respectively. [Two-way ANOVA showed significant effects o f 
lipoprotein/antioxidant (P<0.01), and dithiothreitol treatments (P<0.01), Comparisons 
within experiments were performed using the unpaired Student’s /-tests.
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7.2.5. The effects o f to a-tocopherol on the progesterone responses to HDLs and LDLs

To investigate the effects o f a-tocopherol on the progesterone response to HDLs 

and LDLs, granulosa cells were cultured for 72h in serum-supplemented medium. On day 

3 o f culture, granulosa-lutein cells were incubated for 24 h in serum-free medium 

containing, 5 pM a-tocopherol dissolved in 0.1% (v/v) ethanol. The incubations were 

performed in the presence and absence o f 100 pg protein/ml o f HDLs or LDLs.

In the absence o f lipoproteins, a-tocopherol increased basal progesterone 

production by 120±48% (f<0.05; One-way ANOVA; Tukey’s post hoc test). In the 

presence o f 100 pg protein o f HDLs and LDLs alone, progesterone concentrations were 

increased by 398±103% (P<0.05) and 366±78% (P<0.05) respectively. Alpha-tocopherol 

had no effect on the progesterone response to HDLs, but increased the progesterone 

réponse to LDL by 38±9% (P<0.05, compared to a-tocopherol alone). The progesterone 

response to a-tocopherol + LDLs was significantly greater than the progesterone response 

to LDLs alone (P<0.05), but was equivalent to the additive progesterone concentrations 

measured for LDLs and a-tocopherol alone.

193



1000 1

800 -(0

I

o
>p 600 -

Q)
C
2
a
s
o>
2

400 -

t  200 -

Ethanol control a - to c o p h e ro l

T reatm en ts

Figure 7.3. Effects of a-tocopherol on the progesterone responses to HDLs and 

LDLs

Granulosa-lutein cells were cultured for 72h in serum-supplemented medium. Granulosa- 
lutein cells were treated on day 3 of culture for 24h with serum-free medium containing 
0.1% (v/v) ethanol (a-tocopherol vehicle) or 5 pM a-tocopherol. Incubations were 
performed in the presence o f 5 mM tris buffer I J or 100 pg protein/ml o f HDLs >—— 
or LDLs Data presented as mean% ±SE o f basal progesterone production for 3
experiments with quadruplicate determinations in each experiment. Basal progesterone 
was 0.19 ±0.02 nmol progesterone/10̂  cells increasing to 0.95 ±0.27 and 0.85 ±0.16 nmol 
progesterone/10̂  cells in the presence o f HDLs and LDLs respectively. (*P<0.05 w.r.t 
basal in the absence o f a-tocopherol and lipoprotein; data analysed by One-way ANOVA, 
Tukey’s post hoc test).
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7.3. DISCUSSION

7.3.1. The effects o f oxidised lipoproteins on progesterone production bv luteinised 

granulosa cells

The present study is the first to report effects o f minimally modified HDLs and 

LDLs on progesterone synthesis by human granulosa-lutein cells. Modified LDLs (i.e., 

acetylated and oxidised) have been shown to exert both stimulatory and inhibitory effects 

upon progesterone production by porcine luteal cells in vitro (Brannian, 1997). In 

contrast to this, acetylated-LDLs have been shown to suppress progesterone production 

by macaque luteinised granulosa cells after 6  days in culture (Brannian and Stouffer, 

1993), possibly due to cytotoxic effects on cells o f long-term exposure to modified 

lipoproteins. This is consistent with previous reports o f the cytotoxic effects o f oxidised 

LDLs in vascular tissues (Thome et a l ,  1996; Hurtado et al., 1996). In the studies 

reported in this Chapter, luteinised granulosa cells were found to be 98.2±1.1% viable 

using Propidium Iodide staining, following 24h incubation with oxidised lipoproteins. 

Thus decreases in progesterone output was not a result o f cell cytotoxicity in response to 

oxidised lipoproteins.

In human granulosa-lutein cells, the oxidative modification o f HDLs and LDLs had 

no effect on the basal progesterone responses to these lipoproteins, compared to the 

progesterone response to unmodified (native) lipoproteins. While native HDLs and LDLs 

interacted significantly with hCG to increase progesterone production, oxidised 

lipoproteins did not show an additive interaction with hCG over 24h, resulting in 

decreased progesterone output compared to the progesterone responses to hCG and native 

lipoproteins.

The mechanism(s) by which oxidsed lipoproteins may affect steroidogenesis, or the 

may affect the interaction between native lipoproteins and gonadotrophins is not well 

understood. It is possible that oxidised lipoproteins may:

(i) affect the signalling mechanisms involved with progesterone production,

(ii) influence the efGcacy o f endogenous signalling molecules involved in hCG-

hpoprotein interactions,

(iii) affect the steroidogenic enzymes involved in progesterone synthesis,

(iv) affect the coupling o f the LH receptor following hCG binding, to adenylyl cyclase.
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It has been demonstrated that oxidised LDLs can affect adenylyl cyclase (AC) 

(Galle et a l ,  1992) and guanylyl cyclase activities (Galle et al., 1992; Schmidt et al., 

1991), both o f which are modulators o f steroidogenesis in luteal tissues (Chapter One). 

Oxidised LDLs have been shown to decrease cAMP production in rabbit femoral arteries 

(Galle et al., 1992) via the inhibition o f AC. In the present study, if  oxidised lipoproteins 

inhibit adenylyl cyclase, this should result in decrease cAMP accumulation compared to 

native lipoproteins. However, the accumulation o f cAMP was not measured in the studies 

presented in this Chapter. If oxidised lipoproteins directly inhibit AC activity in human 

granulosa-lutein, such inhibitory effects could be overcome by the application o f forskolin 

(an activator o f AC). Given that native HDLs and LDLs appear to stimulate progesterone 

production via cAMP generation (Chapters Three, Four and Five), the synthesis o f which 

is mediated by AC, then if oxidised lipoproteins inhibit AC activity, both basal and hCG- 

stimulated progesterone production would be affected by oxidised lipoproteins. However, 

in the studies reported in this chapter, oxidised lipoproteins did not affect basal 

progesterone production compared to the progesterone response to native lipoproteins. 

This suggests that (i) the direct inhibition o f AC by oxidised lipoproteins may not be 

occuring and/or, (ü) oxidised lipoproteins may affect a signalling events directly involved 

in the lipoprotein-gonadotrophin interactions.

While the direct effects o f oxidised lipoproteins have not been described in luteal 

signalling mechanisms, ROS have been shown to impair progesterone production by rat 

luteal cells. ROS are thought to decrease progesterone production by impairing LH 

receptors (Gatzuli et al., 1991; Vega et al., 1995), inhibiting cholesterol translocation to 

the mitochondria (Behrman and Aten, 1991), and by effects on the cytochrome P450cscc 

enzyme activities (Carlson et al., 1995), via cytochrome P450 degradation (KHmek, 1992; 

Ghosh et al., 1997; Kuhn-Velten and Pippirs, 1997). If ROS and oxidised lipid products 

exert similar effects, then oxidised lipoproteins may result in degradation o f cytochrome 

P450, although such an effect would result in decreased progesterone production in the 

presence o f oxidised lipoproteins alone, compared to native lipoproteins, which is not 

observed in the present study. Alternatively, oxidised lipoproteins may impair hCG- 

receptor coupling, possibly induced by direct effects upon the LH receptor, or on G- 

protein coupling o f the receptor to AC. AC activity may be influenced by (i) effects on the 

stimulatory G-protein (Gg), or (ii) by changes in membrane fluidity, resulting in reduced 

activation o f AC (proposed in Chapter Three). If oxidised lipoproteins directly affect Gg,

196



then treatment with Cholera toxin (stimulates G®) should abolish the effects o f oxidised 

lipoproteins. Moreover, the possible effects o f oxidised lipoproteins on changes in 

membrane fluidity by granulosa-lutein cells, could be investigated by measuring steady- 

state fluorescent polarisation (Sawada and Carlson, 1991), in response to native and 

oxidised lipoproteins. ROS induced changes in membrane fluidity, resulting in disrupted 

cellular function has been well documented in the rat CL (Wu et al., 1993, and references 

therein), however such effects on human ovarian cells remains unclear.

As well modulating AC activity, oxidised LDL has been shown to activate PKC 

(Ohgushi et al., 1992; Claus et al., 1996; Fymys et al., 1997). Although PKC activity was 

not involved in the progesterone responses to native HDLs and LDLs (Chapter Three), it 

is possible that oxidised HDLs and LDLs stimulate PKC activity in luteinised granulosa 

cells, with subsequent effects on progesterone production. Such a proposal could be 

investigated by incubating granulosa-lutein cells with lipoproteins, with increasing 

oxidative modification {i.e., increasing lipid oxidation products introduced to the cells), 

and by assaying for PKC activity (Goueli et al., 1995). PKC protein content could be 

identified in granulosa-cell lysates using antisera to PKC in western blotting analysis, hence 

the proportion o f activated PKC could be assessed by determining the quantity o f  

membrane bound PKC versus the cytosolic fi-action.

Very little is understood about the actions o f oxidatively modified lipoproteins in 

luteinised granulosa cells, or in ovarian physiology. Lipoproteins used in the studies 

reported in this Chapter, were chemically oxidised in vitro, to attain a TBARS 

concentration similar to that measured in intrafollicular HDLs (Chapter Six). However, 

the oxidation o f lipoproteins used in previous studies investigating luteal steroid synthesis 

have not reported the extent o f lipoprotein oxidation, and may have been using more 

highly oxidised lipoprotein samples (Brannian et al., 1995; Brannian, 1997).

High levels o f immunoreactivity for products o f lipid peroxidation have be detected 

in the early CL o f the pig, and more intensely during luteal regression (Brannian, 1997) 

which coincide with maximal expression o f a receptor pathway capable o f internalising 

modified LDLs (Brannian et al., 1997). This finding together with the data presented in 

this chapter, suggests a physiological role for oxidatively modified lipoproteins may exist 

in luteal tissues. While the possible effects o f oxidised lipoproteins on G-protein 

signalling involved in progesterone synthesis have been postulated, oxidised lipoproteins 

may interact with scavenger receptors present on luteal, which bind LDLs (porcine:
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Brannian, 1997; Brannian and Stoufifer, 1993) and HDLs (rat: Acton et al., 1996; Chen 

and Menon, 1993). A number o f cells including macrophages, monocytes, endothelial 

cells (Nozaki et al., 1993; Krieger and Herz, 1994; Parthasarathy et al., 1986; Terpesta et 

al., 1998), and rat steroidogenic tissues (Acton et al., 1996) possess at least two distinct 

types o f structurally unrelated scavenger receptors, that bind and internalise both 

acetylated and oxidised LDLs. Thus, cells possessing scavenger receptors may play a role 

in the steroidogenic response to oxidised Hpoproteins.

Cells possessing scavenger receptors i.e., macrophages and leucocytes, have been 

described in the CL at percentages similar to those established for peripheral blood 

(Maccio et al., 1993; Best et al., 1994; Petrovska et al., 1992). Moreover, human 

granulosa cells used in this study have been shown to contain between 13-60% leucocytes, 

with 6-14% monocytes and macrophages (Best et al., 1994; Evagelatou et al., 1997). 

Given that oxidised lipoproteins may be taken up by leucocytes, and that these cell types 

may modulate the effects on progesterone production by oxidised lipoproteins, granulosa 

cells were depleted o f CD45^ cells, and the effects o f oxidised lipoproteins and hCG on 

progesterone production was investigated.

7.3.2. The effects o f leucocvte-depletion from granulosa cells preparations on the

progesterone response to oxidised lipoproteins

Leucocyte-depletion o f the granulosa cell cultures used in this study resulted in an 

overall 50% decrease in absolute basal progesterone concentrations. For the purpose o f  

presentation and consistency, the progesterone responses to subsequent treatments were 

standardised to the respective basal progesterone concentrations. Despite, the decreases in 

absolute progesterone values, the effects o f native and oxidised HDL and LDL on basal 

and hCG-stimulated progesterone production, were not significantly altered by leucocyte 

depletion. This suggests firstly that while leucocytes and their secreted cytokines appear to 

be important for progesterone synthesis in the absence o f lipoproteins, the stimulatory 

effects o f lipoproteins on progesterone synthesis may not be dependent upon leucocytes or 

their secreted substances i.e., cytokines. Secondly, leucocytes do not appear to mediate 

the decreased interactions between oxidised lipoproteins and hCG (relative to native 

lipoproteins plus hCG). As the depletion o f CD45^ cells resulted in 50-80% depletion, the 

remaining CD45^ cells after depletion may have exerted an effect on progesterone 

production.
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In human granulosa-lutein cell cultures, cytokines including interferon (IFN) -a , 

"P, and -y have been shown to decrease hCG-stimulated progesterone production in a 

concentration dependent manner (Fukuoka et al., 1992), whereas, interleukin-1 (IL-1) and 

tumour necrosis factor-a (TNF-a) have been shown to have no effect on the progesterone 

response to hCG. In contrast to these studies, biphasic effects o f IL-1 and TNF on 

progesterone responses in granulosa cells have been reported (Best et al., 1994; Best and 

Hill, 1995; Machelon et al., 1995), with a stimulation o f progesterone reported at low  

concentrations, and suppressed progesterone production at higher concentrations. Best et 

al., (1994) suggested that the presence o f leucocytes and cytokines generally show 

inhibitory effects on progesterone production. This finding is supported by a more recent 

study, which has reported a 2 -fold increase in progesterone production following the 

removal o f  leucocytes firom granulosa cells preparations (Castro et al., 1998). However, 

contradictory to the work o f Castro et ah, (1998), the depletion o f leucocytes fi*om 

granulosa cells cultures used in this study, resulted in a decrease in basal progesterone 

production, suggesting a stimulatory effect o f leucocytes and/or cytokines on progesterone 

synthesis. Consistent with the data presented in this chapter, the addition o f monocytes 

and peritoneal macrophages to granulosa-lutein cell cultures, has been shown to increase 

progesterone synthesis (Halme et al., 1985).

The numerous studies, and varied observations, suggests that the effects o f  

leucocytes and cytokines on granulosa cells steroidogenesis are determined by complex 

cellular interactions and may be dependent upon a number o f cell types present in culture, 

as well as varied concentrations and combinations o f cytokines produced by these cells. 

The exact mechanisms by which leucocytes exert their effects on granulosa cells in vitro 

and in vivo remain unknown.

7.3.3. The effects o f antioxidants on the progesterone responses to HDLs and LDLs

Antioxidants such as ascorbate, dehydroascorbate and a-tocopherol are a few o f 

the antioxidant vitamins, which are important for scavenging fi-ee radicals species, thus 

preventing Hpid peroxidation and lipoprotein oxidation. The evidence that hormones can 

regulate antioxidant vitamins and enzymes in the luteal cell (Aten et al., 1992) indicates 

that these compounds may perform regulatory roles in controlling ovarian fimction. The 

effects o f ascorbate, dehydroascorbate and a-tocopherol on HDL and LDL-stimulated
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progesterone production were investigated.

The studies reported in this chapter have shown that both ascorbate (50 pM) and 

dehydroascorbate (5 pM) can significantly stimulate basal progesterone production over 

24h in human granulosa-lutein cells. Moreover, despite the &ct that ascorbate was 

presented to cells at concentrations 1 0 -fold greater than dehydroascorbate, the 

progesterone response between the two did not differ. This suggests that granulosa-lutein 

cells may be more sensitive to dehydroascorbate than ascorbate and/or granulosa-lutein 

cells may have a more efiScient mechanism o f uptake for dehydroascorbate than ascorbate. 

Cells were incubated with ascorbate in the presence and absence o f dithiothreitol, to 

prevent the oxidation o f ascorbate to dehydroascorbate. In the presence o f dithiothreitol, 

the progesterone response to ascorbate was suppressed, suggesting that the stimulation o f 

progesterone by ascorbate may require its oxidation to dehydroascorbate.

Although dehydroascorbate represents about 5% o f the total ascorbate content o f 

blood (Stankova et aL, 1984), it serves as the major transportable form o f ascorbate for 

certain cells types, including erythrocytes (Bigley et al., 1983), fibroblasts (Vera et al., 

1993), and leucocytes (Washko et al., 1993). It is thought that ascorbate is oxidised to 

dehydroascorbate for transport and uptake into cells, where it is subsequently reduced 

back to ascorbate, which can carry out its physiological fimctions within the cell. The 

mechanism o f dehydroascorbate reduction is not known, but is thought to involve 

glutathione and/or glutathione-dependent reductases (Park and Levine, 1996).

In rat granulosa-lutein cells dehydroascorbate transport represents an important 

mechanism for the uptake o f ascorbate by luteal cells (Musicki et al., 1996). Musicki and 

co-workers reported a maximal rate o f dehydroascorbate uptake to be 50 times that o f 

ascorbate, with a Km o f 830 pM. In contrast, the Kd for ascorbate is approximately 30 

pM, i.e., 25 times lower than that reported for dehydroascorbate (Musicki et al., 1996). 

Thus, the Km for dehydroascorbate may be higher than the plasma concentration to ensure 

efficient uptake into cells. Despite their stimulatory effects on progesterone production by 

granulosa-lutein cells, ascorbate or dehydroascorbate had no effect on the progesterone 

responses to HDLs or LDLs. Similarly while a-tocopherol (5 pM) significantly stimulated 

progesterone production, a-tocopherol did not affect the progesterone response to either 

HDLs or LDLs.
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Its important to note that lipid oxidation may be induced by ROS in the CL in vivo, 

thus antioxidants such as those described in this chapter may have a physiological role in 

preventing lipid oxidation in vivo. Likewise, the antioxidant vitamins may influence the 

progesterone response to oxidised lipoproteins in vivo and in vitro.

In summary, the studies reported in this chapter demonstrate that the enhancement 

o f the progesterone response to hCG by oxidised HDLs and LDLs is not as great as the 

synergy between hCG and the native lipoproteins. While basal progesterone production 

appears dependent upon leucocytes and/or their secreted cytokines, the progesterone 

response to lipoproteins is unaffected by leucocyte depletion. Moreover, the antioxidant 

vitamins, a-tocopherol, ascorbate and dehydroascorbate significantly enhance basal 

progesterone production, but do not affect the progesterone responses to HDLs or LDLs. 

The physiological role o f oxidised lipoproteins and the potential influence o f antioxidants 

on the steroid response to oxidised lipoproteins in luteal steroidogenesis have not been 

investigated. Whether or not the formation o f oxidised lipoproteins are important for the 

physiology o f the CL or, may be the consequence o f ROS generation associated with luteed 

function, remains unclear. An important issue is whether or not human luteinised granulosa 

cells induce lipoprotein oxidation. To investigate this, luteinised granulosa cells or luteal 

tissues could be incubated with lipoproteins over a period o f days in vitro, over which 

time, spent medium could be analysed for evidence o f lipoprotein oxidation. Further to 

this, the influence o f leucocytes or ovarian antioxidants on the defined effects o f oxidised 

lipoproteins could also be investigated.
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Chapter Eight

GENERAL DISCUSSION
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Chapter Eight: GENERAL DISCUSSION 

Proposed mechanisms for HDL and LDL-stimulated 

progesterone production by human granulosa-lutein cells

Previous studies have revealed that LDLs can stimulate progesterone production 

by human luteal tissues and luteinised granulosa cells, in both primate and non-primate 

species (Chapter One, section 1.11.1). In contrast to LDLs, many authors have reported 

the inability o f HDLs to sustain progesterone production by human luteal tissues (Simpson 

et al., 1980; Carr et al., 1981a and b; Volpe et al., 1991), while others have reported a 

stimulatory effect o f HDLs (Enk et al., 1987; Azhar et al., 1998a).

The primary aim o f this thesis was to investigate the role o f HDLs in the 

physiological control o f progesterone synthesis by human granulosa cells luteinised in 

vitro, and to elucidate the mechanism(s) by which both HDLs and LDLs exert their effects. 

The second aim was to examine the effects o f Hpid oxidation on the steroidogenic 

responses to HDLs and LDLs.

With regard to the primary aim, the data presented in this thesis have shown that 

HDLs, isolated from human folHcular fluid and plasma, can significantly enhance 

progesterone production by human granulosa-lutein cells, comparable to the progesterone 

response measured following LDL treatment. Moreover, the Hpoproteins have maximal 

stimulatory effects on progesterone production by granulosa-lutein cells in vitro, at 

concentrations lower than, but comparable to, physiological concentrations o f Hpoproteins.

The effects o f HDLs and LDLs on progesterone production, appeared to be 

mediated via cAMP generation (Chapter Three), although the net accumulation o f cAMP 

in response to HDLs and LDLs could not be assessed due to the absence o f a 5’nucleotide 

phosphodiesterase inhibitor in the experimental designs. However, given that adenylyl 

cyclase (AC)-mediated cAMP production is the main signaUing pathway involved in 

progesterone synthesis in the ovary (Chapter One), it was proposed that HDLs and LDLs 

may exert effects on cAMP generation, possible by direct actions on adenylyl cyclase (AC)
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activity. HDLs and LDLs may also affect G-protein coupling to AC via influences on 

membrane fluidity (discussed in Chapter Three). The proposed changes in AC activity 

could be assessed in vitro, in response to HDLs and LDLs, by measuring the accumulation 

o f radiolabelled cAMP fi*om the substrate [a-^^P]ATP (Salomon et al., 1974), or by 

determining changes in membrane fluidity, using fluorescent probes to assess polarisation 

o f the granulosa cell membrane, induced by cholesterol loading (Wu et al., 1993).

Alternatively, the increases in cAMP in response to HDLs and LDLs (Chapters 

Three, Four, and Five), and the synergistic interactions o f HDLs/LDLs with dibutyryl 

cAMP (Chapter Four), suggest that HDLs/LDLs may be interacting at sites subsequent to 

cAMP production. As such, HDLs and LDLs may affect protein kinase A activity. If PKA 

is involved in the progesterone responses to HDLs and LDLs, then the effects o f these 

lipoproteins may be abolished by treatment with H89, a PKA inhibitor. Likewise HDLs 

and LDLs may directly influence cAMP accumulation and possibly PKA activity, by direct 

effects upon the cAMP response elements (CRE), via CRE-binding proteins (CREB). 

Therefore, HDLs and LDLs may modulate CREB gene interactions, and/or associated 

gene expression.

The significant additive interactions between maximally effective concentrations o f 

HDLs and LDLs and hCG on progesterone production over 24h (Chapter Four), indicates 

that hCG, and HDLs and LDLs may increase progesterone production by independent 

pathways. However, the co-treatment ofhCG and HDLs/LDLs with granulosa-lutein cells 

over 24h, may result in an interaction along their steroidogenic pathways, resulting in 

increased progesterone production. It may also be postulated that the interactive 

stimulation o f progesterone production may involve de novo transcription o f a component 

or enzyme, involved in the independent stimulatory actions o f lipoproteins and 

gonadotrophin.

Given the many components and intracellular signalling mechanism involved in 

progesterone synthesis (reviewed in Leung and Steele, 1993), HDLs and/or LDLs may 

induce the expression and synthesis o f one or many genes regulating progesterone 

production. These may include genes encoding the cytochrome P450 enzyme complex, or 

the StAR protein, involved in the translocation o f cholesterol to the mitochondria (Stocco, 

1997). The influence o f HDL and LDLs on gene expression could be investigated by 

investigating the expression o f selected genes i.e., P450scc and StAR, using Northern Blot
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analysis for expression o f mRNA in response to lipoproteins.

While the progesterone responses to HDL may be mediated by their cholesterol 

content, the greater effect o f HDLs compared to LDLs at equal cholesterol content on 

progesterone production (Chapter Three), resulted in the proposal that HDLs may 

stimulate progesterone production by mechanisms other than their cholesterol 

content/delivery (Chapter Four). This hypothesis was supported by the synergistic 

interaction o f maximally effective concentrations o f HDLs on progesterone production, in 

the presence o f maximally effective concentrations o f 22ROHC (Chapter Five). The 

stimulatory effects o f HDLs in the presence o f 22ROHC may be due to; (i) the presence o f 

fetty acyl pregnenolone esters, which would bypass the cytochrome P450cscc enzymic 

step (Roy and Belanger, 1992 and 1993; Lavellee et ah, 1996), (ii) the up-regulation o f the 

cytochrome P450 enzyme complex, and/or (iii) the generation o f arachidonate metabolites 

from the HDL particles (discussed in Chapter Three).

In support o f the latter, the progesterone response to HDLs may be mediated via 

prostaglandin generation from the HDL particles, or by the induction o f PGHS-2 enzyme 

expression. This proposal was formed on the basis that HDL stimulated increases in 

PGE2, progesterone and cAMP production by human granulosa-lutein cells, which were 

inhibited by the presence o f the PGHS inhibitor, indomethacin (Chapter Five). In further 

support, other studies which have shown that HDLs contain a high arachidonate content, 

and result in the generation o f prostaglandins following treatment with phospholipase A2 

(Middleton and Middleton, 1995 and 1998). Secondly, HDLs stimulated PGHS-2 enzyme 

expression in vascular endothelial cells (Cockerill et al., 1999). Given that the PGHS-2 

enzyme is expressed in granulosa cells, and can be induced in human granulosa-lutein cells 

by hCG (Narko et al., 1997), HDLs may be stimulating PGHS enzyme expression in 

human granulosa-lutein cells.

If the increase in PGE2 content is dependent upon the arachidonic acid content o f 

the HDL particles, and not their cholesterol content, then partial lipid depletion o f HDLs 

(which leaves the phospholipids relatively intact) may still result in the stimulation o f 

progesterone by granulosa-lutein cells. Likewise, if  the progesterone response to HDLs is 

mediated by PGE2, then at maximal hydroxycholesterol concentrations, the subsequent 

increases in progesterone production by HDLs may correlate with increases in PGE2 

and/or PGHS enzyme expression. Furthermore, the synergistic interaction between HDLs 

and 22ROHC to increase progesterone production by human granulosa-lutein cells, may be
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inhibited by indomethacin.

Alternatively, it could be postulated that PGE2 could synergise with 22ROHC to 

enhance progesterone production by luteinised granulosa cells. In support o f this, orphan 

nuclear receptors, have been shown to be activated by maximally effective concentrations 

o f 22ROHC in Chinese Hamster Ovary cells. Moreover, these responses were enhanced in 

the presence o f PGE2, cAMP and forskolin (Huang et ah, 1998). Likewise, 22ROHC and 

other oxysterols have been shown to potentiate the mobilisation and release o f arachidonic 

acid from vascular smooth muscle cells (Seilan and Dubuquoy, 1990), and human 

endothelial cells (Kawamura and Kummerow, 1992). Thus, 22ROHC may have similar 

effects on the mobilisation o f arachidonate from HDL particles. By loading HDL particles 

with [^H-arachidonate], its mobilisation and conversion to prostaglandins or leucotrienes 

can be monitored after incubation o f the HDLs with granulosa-lutein cells. Likewise, the 

effects o f [^H-arachidonate] loaded HDL particles, on agonist or oxysterol-stimulated 

progesterone production could be assessed.

In reference to the second aim o f this study, HDL isolated from human follicular 

fluids showed evidence o f lipid oxidation (measured by TEARS and lipid peroxides) 

(Chapter Six), despite evidence high concentrations o f ascorbate, dehydroascorbate and a - 

tocopherol. It has been postulated that ovulation may be induced by a number o f factors 

including reactive oxygen species (De Lamirande and Gagnon, 1994), which 

hypothetically, may result in the oxidative modification o f surrounding lipids.

Investigations into the effects o f oxidised lipoproteins on progesterone production 

by granulosa-lutein cells, showed that mildly oxidised HDLs and LDLs increased basal 

progesterone production as well as their native counterparts (Chapter Seven). In contrast 

to this, the synergistic interactions observed between native lipoproteins and hCG, were 

not observed between oxidised lipoproteins and hCG. Therefore, the oxidation o f HDL 

and LDLs in vitro, diminished their ability to interact synergistically with hCG. This may 

occur by inhibitory effects o f oxidised lipoproteins on (i) AC activity, (ii) LH/hCG 

receptor coupling, (iii) other components along the steroidogenic pathway (discussed in 

Chapter Seven). Given that the synergistic interaction o f hCG and lipoproteins may occur 

at sites subsequent to cAMP generation, oxidised lipoproteins may perturb such effects as 

these sites in vitro.
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Lipoproteins were oxidised in vitro to attain a TEARS concentration similar to that 

determined for intrafollicular HDL (Chapter Six). Given the increased number o f 

leucocytes which invade the follicle following lutéinisation and CL formation (Petrovska et 

al., 1994; Brannstrom and Friden, 1997), and the increase in ROS (Carlson and Sawada, 

1993), this suggests that lipoproteins present in the CL may be more highly oxidised than 

those presented in this study. Furthermore, if  oxidised lipoproteins do not synergise with 

hCG, as do native lipoproteins (Chapter Seven), this may in part account for the decline in 

progesterone production by the regressing CL. At present these statements are 

speculative. To investigate the possible generation o f lipid/lipoprotein oxidation products 

in ovarian tissues during the luteal phase o f the ovarian cycle, it would be necessary to 

culture luteinised granulosa cells or luteal tissues over several days to assess, (i) the 

generation o f lipid oxidation products in spent medium and/or (ii) whether or not luteinised 

granulosa cells modulate the oxidative modification o f lipoproteins to which they are 

exposed. Similarly, the effects o f increasingly oxidised lipoproteins, could be performed to 

assess the effects o f lipoprotein oxidation on luteal progesterone production in vitro. 

Having performed these experiments, then other factors such as the infiuence o f  

antioxidants could be investigated. Although ascorbate, dehydroascorbate and a- 

tocopherol have no effect on the progesterone response to native lipoproteins (Chapter 

Seven), they may influence the progesterone response to oxidised lipoproteins, or may 

modulate the oxidation o f lipoproteins by luteal tissues in vitro and in vivo.

In conclusion, HDLs can stimulate progesterone production by human granulosa- 

lutein cells as effectively as LDLs. The mechanisms by which both lipoproteins stimulate 

progesterone production are summarised in Figure 8.1. The stimulatory actions o f HDLs 

and LDLs appear to involve cAMP accumulation, and significant additive interactions with 

hCG and dbcAMP. Thus indicating that HDLs and LDLs may stimulate progesterone 

production by mechanisms, which are amplified by hCG and analogues to cAMP. The 

stimulatory mechanisms o f HDLs and LDLs do not involve protein kinase C, however, 

HDLs may stimulate progesterone production via prostaglandin signalling pathways. The 

lipid oxidation o f plasma lipoproteins disrupts the additive interaction observed between 

native lipoproteins and hCG. Thus, oxidised lipoproteins, if  formed in vivo during the 

luteal phase o f the ovarian cycle, may influence the progesterone response o f the CL, and 

may contribute to the regression o f the human CL at the end o f the luteal phase.
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Figure 8.1. Proposed mechanisms by which HDL and LDL stimulate progesterone production by human granulosa-lutein cells

Abbreviations: AC: adenylyl cyclase; cAMP: cyclic adenosine 3’, 5’ monophosphate; 3P-HSD: 3p-hydroxysteroid dehydrogenase; hCG: human 
chorionic gonadotrophin; HDL: high-density lipoproteins; LDL: low-density lipoproteins; LH: luteinising hormone; P450scc: cytochrome P450 side- 
chain cleavage; 22ROHC: 22R-hydroxycholesterol, PGE2: prostaglandin E2 ; PGHS-2, prostaglandin H synthase-2; SR-BI, type I scavenger 
receptor; StAR, steroidogenic acute regulatory protein[ ?: mechanism unknown; + represents stimulation, X: inhibition; red arrows; thesis findings]



ASSESSMENT OF THE RESEARCH PRESENTED IN THIS THESIS

In assessment o f the studies presented in this thesis, the overall findings, and 

progression o f the research was evaluated, with emphasis placed on the strengths, and 

weaknesses produced by the work.

Major strengths o f the studies presented in this thesis, are the replication o f the 

experimental designs, and the reproducibility o f the data shown. Most experimental 

designs were performed a minimum o f five times, with granulosa cells isolated firom 

independent patients in each case. Although the steroidogenic activity o f the granulosa 

cells isolated can vary between patients, each experimental design performed was 

reproducible between patients. This thesis also examined confounding variables, which 

may have affected the steroidogenic capacity o f granulosa-lutein cells, and the effects o f  

HDLs and LDLs on progesterone production. Leucocyte-depletion o f granulosa cells 

fi*om different patients was performed to investigate the effects o f these cell types on 

basal progesterone concentrations, and the progesterone response to Hpoproteins and 

hCG. These studies confirmed that while leucocytes were present at high percentages in 

granulosa cells preparations (30-50%), leucocytes did not influence the basal or hCG- 

stimulated progesterone responses to HDLs and LDLs (native and oxidised).

A major consideration to the effects o f these Hpoproteins on progesterone and 

PGE2 production by granulosa-lutein cells, was (i) the endogenous concentrations o f  

progesterone and PGE2 , in the Hpoproteins and (H) the contribution o f endogenous 

progesterone and PGE2 to the respective levels measured in spent medium, after 

lipoprotein incubation. While progesterone and PGE2 measurements were carried out 

using RIAs performed directly on Hpoprotein samples, these measurements may have 

been underestimated due to possible inaccessability o f the RIA antibodies, to the 

Hpoprotein particle core constituents. If progesterone concentrations have been 

underestimated, then endogenous progesterone concentrations may have accounted for 

the increased progesterone concentrations measured in the spent medium o f granulosa 

ceUs exposed to HDLs, rather that direct effects o f these Hpoproteins on progesterone 

production. To account for this variable, endogenous Hpoprotein measurements should 

be repeated by first performing a Hpid extraction, foUowed by RIA. Likewise, the 

endogenous PGE2 measurements determined using RIA, may have also been 

underestimated due to the absence o f organic extraction o f the Hpoproteins, prior to the 

PGE2 RIA. This suggests that the endogenous levels o f PGE2 influencing the potential

209



progesterone response to HDLs, may be much higher than described. In experiments 

describing the effects o f indomethacin on the PGE2, progesterone and cAMP responses to 

HDLs, PGE2 concentrations were decreased below the control concentration o f PGE2 . In 

contrast, the progesterone and cAMP responses to the HDLs were returned to control 

values in the presence o f indomethacin. This suggests that the lipoproteins could be 

acting as potential sinks in the extracellular medium, which may accumulate 

prostaglandins. Such a proposal could be investigated by determining PGE2 

concentrations in spent medium, with and without lipid extraction. If lipoproteins in the 

extracellular medium do accumulate PGE2, then this may explain the decrease in PGE2 

(below control values). More importantly, this suggests that the increases in PGE2 

concentrations determined in response to HDLs, may have also been underestimated. 

This emphasises the importance o f organic extraction o f lipoproteins prior to incubations, 

and o f spent medium (which may contain lipoproteins) after incubation, prior to the 

measurement o f steroids and prostaglandins by RIA. While the present study described 

HDL-stimulated increases in PGE2 concentrations, other prostaglandins may be involved 

in the progesterone response to HDLs, however time restriction prevented the analysis o f 

additional prostaglandins.

If HDLs are having a direct effect on steroidogenesis then increases in 

3 p-hydroxysteroid dehydrogenase expression, would be expected in support o f 

progesterone synthesis. To fiirther support proposals o f progesterone production by 

HDLs in granulosa-lutein cells, the effects o f progesterone catabolism would also have to 

be considered. The action o f 17a-hydroxylase can lead to increased progesterone 

metabolites i.e., 17-hydroxyprogesterone. If control granulosa cells (in the absence o f 

lipoproteins) show increased progesterone catabolism, then HDLs may affect the 

enzymes responsible for catabolism. Thus, if  HDLs inhibit progesterone catabolism, this 

would be observed as increased progesterone production in response to HDLs. The 

effects o f progesterone synthesis versus metabolism/catabolism may be assessed, by 

using RIAs to progesterone metabolites, as well as progesterone. Alternatively, granulosa 

cells can be loaded with [^H]-progesterone, and progesterone metabolites assessed in the 

presence or absence o f HDLs, using thin-layer chromatography. Such experiments were 

not performed in this thesis, however during the preparation o f this thesis such studies 

have been performed in our laboratory. Studies in control cells (no lipoprotein treatment)
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show negligible mono-hydroxy derivatives o f progesterone, which were unaffected by 

HDLs (Dr A. Michael, unpublished data).

Increases in progesterone, PGE2 and cAMP production by granulosa-lutein cells 

were measured in response to HDLs. The cAMP measurements were an indirect 

indication o f steroidogenic activation, however these data were limited by the absence o f 

a phosphodiesterase inhibitor. To assess the affects o f HDLs/LDLs on cAMP 

accumulation, studies should be repeated in the presence o f a phosphodiesterase inhibitor 

such as IMBX. Two o f the responses measured, i.e., progesterone and PGE2 , may be due 

to nothing more than HDLs providing cholesterol or arachidonate (and hence 

prostaglandins) respectively. If HDLs do provide PGE2 , which can subsequently 

stimulate progesterone production, then this would not be a direct response o f HDLs, but 

o f prostaglandins. I f this is the case, then incubating granulosa-lutein cells with 

saturating concentrations o f PGE2, may prevent any further effect o f HDLs on 

progesterone production. However, a more simple approach would be to repeat 

experiments with hpid-free HDLs, or apo Al-discs, and to investigate the subsequent 

effects on progesterone production.

If HDLs have a direct effect on progesterone production, then such effects could 

be confirmed by investigating gene expression using Northern analysis. The proposal that 

HDL may stimulate cAMP accumulation, suggests that HDLs may affect (i) PKA 

activity, and (ii) the binding activity and/or transactivation o f CREB. These in turn may 

affect the transcriptional activity o f many components o f the steroidogenic pathway, 

including the steroidogenic enzymes and StAR. The data presented in this thesis, led to 

the proposals that HDLs may stimulate progesterone production by inducing the 

expression o f (i) StAR, thus increasing the transfer o f HDL-cholesterol across the 

mitochondrial membranes, (ii) cytochrome P450cssc> (iii) 3 p-hydroxysteroid

dehydrogenase, and (iv) COX-2. To corroborate these proposals, granulosa-lutein cells 

incubated in the absence and presence o f lipoproteins, could have been used to prepare 

cell lysates, from which total RNA could have been extracted. The extracted RNA could 

have been used for Northern analyses, using specific cDNA probes to the mRNA 

transcripts encoding StAR, cytochrome P450 cscc, 3p-HSD or COX-2. Such 

confirmational studies were limited, as this technique was not set up in the laboratory, and 

financial constraints as well as time limitation towards the end o f the research, did not 

permit the establishment o f techniques to investigate gene expression.
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The investigation o f gene expression in response to HDLs and LDLs would 

validate the claim that HDLs have direct effects on human ovarian steroidogenesis. It is 

unlikely that effects on gene expression may be a Hpid response, which would support the 

proposal that the steroidogenic effect o f HDLs may be independent o f their cholesterol 

content. Although some genes such as the cytochrome P450cscc, may be lipid responsive. 

To investigate a possible Hpid effect o f HDLs, the effect o f Hpid-rich versus Hpid- 

depleted HDL particles on gene expression in human granulosa cells, could also be 

investigated.

Given that the Hpoproteins utilised throughout this study were isolated using 

concentrated sodium bromide density solutions, it is important to control for potential 

effects o f residual sodium bromide (NaBr) in the Hpoproteins samples, and for Tris buffer 

(Hpoprotein vehicle). After dialysis, the Hpoprotein samples would not be expected to 

contain high concentrations o f NaBr. The dialysate used should contain the same NaBr 

content as the Hpoprotein samples, and thus would be the ideal control. In the 

experiments described, ft-esh dialysis buffer was used as control (which had no effect on 

progesterone production), as opposed to dialysate. This has important implications as the 

introduction o f halide salts may activate G-proteins, namely Gs, thus stimulating cAMP 

production and subsequently, progesterone production. Aluminium fluoride is commonly 

used to activate Gs, hence NaBr (if present) may have similar stimulatory effects, thus 

such effects have to be accounted for. In our laboratory, dialysate has been shown to 

have no effect on many cell systems investigating intracellular signalling mechanisms 

however, such effects have not been investigated on progesterone synthesis by human 

granulosa-lutein cells.

It is important to realise that the work presented in this thesis is valid, however 

this section suggests experiments necessary to rule out negative fectors, and to provide 

strength for the data and proposals presented, in support o f a role for HDLs as stimulatory 

agents in human ovarian steroidogenesis.
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Representative chromatogram and Standard curve for

P-carotene obtained from HPLC analysis
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Representative chromatogram and Standard curve for

a-tocopherol obtained from HPLC analysis
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2 . 0re
2re 1 . 0

I 1 . 0
Q.

0.5
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Representative chromatogram and Standard curve for

ascorbate obtained from HPLC analysis

uric ac id  
( s a m p le s  only) 

(19.5 min)
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triplicate values

Standard deviation

0 0.00 0 .00

5 0.23 0.01

10 0 .57 0.02

25 1.37 0.01

50 3.98 0.11

100 8.62 0.05

200 18.70 0.35
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Representative chromatogram and Standard curve for

dehydroascorbate obtained from HPLC analysis

0.09 -,
dehydroascorbate 

(6.3 min)
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0.01  -

- 0.01
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iliM)

Peak area (average o f  

triplicate values

Standard deviation

0.0 0.00 0.00

0.5 0.22 0.12

1.0 0.52 0.07

5.0 2 .49 0.12

10.0 4.83 0 .30

25.0 12.44 0.22

50.0 24.11 0.57

S
CO

(0
0)a

H = 1.00025

2 0

15

1 0

5

0

0 10 2 0 30 40 50

[dehydroascorbate] (pM)

257



Representative chromatogram and Standard curve for

TBARS obtained from HPLC analysis

0.13 -1

solvent front0.11 -

0.09 -
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Time (mins)

[TBARS] ()iM ) Peak area (average o f  
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Standard deviation

0.0 0 0

0.5 1342 96
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21.0 41215 330
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Standard curve for the Cholesterol Assay

[Cholesterol] (|ig/ml) Absorbance (500nm)

1 2 A(ave)

000.0 0.108 0.089 0.098

102.5 0.145 0.140 0.143

205.0 0.182 0.184 0.183

307.5 0.231 0.238 0.234

410.0 0.278 0.274 0.206

Ecoo
o0  c
1
o
0)
§

0.300
i^= 0.998

0.260

0.200

0.150

0.100

0.050 1

0.000 + 
0 100 200 300 400

[cholesteroQ (pg/ml)
500
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Standard curve for the Protein Assay

[bsai w Absorbance (660nm)
1 2 A(ave)

0 0.112 0.101 0.106

10 0.189 0.193 0.191

20 0.271 0.281 0.276

40 0.420 0.433 0.427

60 0.584 0.598 0.591

80 0.725 0.689 0.707

100 0.862 0.857 0.860

1 . 0

r^= 0.998I 0 . 8

l « . eu
I  0.4

I

0 . 0

0 2 0 40 60 80 1 0 0

[BSA] (m9)
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Standard curve for cumene hydroperoxide-FOX Assay

cumene
hydroperoxide

(mM)

absorbance (A550nm) 
1 2 3 ave

(A550nm)
SO

0 0.075 0.781 0.08 0.312 0.406
1 0.111 0.109 0.249 0.156 0.080

10 0.33 0.357 0.292 0.326 0.033
25 0.455 0.465 0.453 0.458 0.006
50 0.638 0.632 0.636 0.635 0.003
75 0.703 0.733 0.704 0.713 0.017
100 0.832 0.819 0.819 0.823 0.008
150 0.861 0.878 0.887 0.875 0.013

Data transformed (see table below) and used to construct a standard curve

Ln (Absorbance-550nm) Ln [cumene hydroperoxide] (pM)
-1.86 0.00
-1.12 2.30
-0.78 3.22
-0.45 3.41
-0.34 4.32
-0.19 4.61
-0.13 5.07

r = 0.996E
c -0.4 olOin
<i> -0 .8oc

0 1 2 3 4 65
In [cumene hydroperoxide]
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Standard curve for a progesterone radioimmunoassay

o
CÛ
m
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Progesterone concentration (nM)

The resultant plot shown above is non-linear, and the calculation of unknowns are 

subject to great variability. This is overcome by linear transformation of the data 

using the Logit-Log plot in which transformation of the percentage maximum 

binding is plotted against the natural logarithim (Loge) of the corresponding 

antigen concentration (see resultant standard curve below)
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Standard curve for cAMP radioimmunoassay
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o 80 
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The resultant plot shown above is non-linear, and the calculation of unknowns are 

subject to great variability. This is overcome by linear transformation of the data 

using the Logit-Log plot in which transformation of the percentage maximum 

binding is plotted against the natural logarithim (Loge) of the corresponding 

antigen concentration (see resultant standard curve below)
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Standard curve for PGE2 radioimmunoassay
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The resultant plot shown above is non-linear, and the calculation of unknowns are 

subject to great variability. This is overcome by linear transformation of the data 

using the Logit-Log plot in which transformation of the percentage maximum 

binding is plotted against the natural logarithim (Loge) of the corresponding 

antigen concentration (see resultant standard curve below)
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APPENDIX II
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Preparation of phosphate azide gelatin (PAS-gel) buffer 
for the progesterone radioimmunoassay

The following solutions are prepared:

A] 0.2MNaH2?O4.2H2O

B] 0.2MNa2HPO4. I2 H2O

Add 19.5 ml o f solution [A] to 30.5 ml o f solution [B], make up to 1 

litre in deionised water (store at 4°C).

To prepare PAS-gel buffer dissolve the following in IL o f 0.0IM 

phosphate buffer (above):

Final concentration 

8.19g sodium chloride (NaCl) 0.4 M

20 mg sodium azide (NaNg) 0.3 mM

1 g gelatin 0.1%

Adjust pH to 7.4, and store buffer at 4°C

[NB. Heat buffer to dissolve the gelatin, then dissolve the other 

components]
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Distribution of data accumulated in follicular fluid analyses

TBARS concentration distribution in 39 human 
follicular fluids

^ 10

11

4- 5- 6- 7- 8-
4.9 5.9 6.9 7.9 8.9 

[TBARS] (mM)

9- 10-
9.9 10.9

1-4.9 5-9 .9

Nitrotyrosine concentration distribution in 40 
human follicular fluids

10- 15- 20- 25- 30- 35-
14.9 19.9 24.9 29.9 34.9 39.9

[nitrotyrosine] (nM)

40-55

Progesterone concentration distribution in 64 
human follicular fluids

1-1.9 2 -2 .9  3-3 .9  4 -4 .9  5-5 .9  6 -6 .9  7 -7 .9  8 -8 .9  9-9 .9  

[progesterone] (pM)
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Alpha tocopherol concentration distribution in 
41 human follicular fluids

[alpha-tocopherol] (pM)

Ascorbate concentration distribution in 41 
human follicular fluids

a
10-19 20-29 30-39 40-49  50-59  60-69  70-79  80-89 

[Ascorbate] (pM)

Dehydroascorbate concentration distribution 
in 38 human follicular fluids

10.0 -  12.0-  14.0-  16 .0-  

11.9 13.9 15.9 17.9

[Dehydroascorbate] (pM)
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