
j
,-9The Effects of Estrogens and Phytoestrogens on the Metabolism

and Oxidation of Plasma Lipoproteins

Alice Jane Owen BSc (Hons)

A thesis submitted to the University of Adelaide for the degree of Doctor of Philosophy

Department of Physiology,

University of Adelaide,

South Australia

December 1999



List of Figures....

List of Tables......

Abstract

Declaration

Acknowldegments ......

Abbreviations

Introduction

1.1 Cardiovascular Disease and Lipids .'

1.2 LDL Metabolism

1.3 The Oxidation Hypothesis of Atherogenesis ...'.

1.3.1 LDL oxidation........

t.3.2 Antioxidants and LDL Oxidation, and their relation to CVD ..1 I

1.4 The Pathogenesis of Atherosclerosis t4

IV

..VI

, VII

VIII

1

J

5

7

7

1.5

1 .5.1

1.5.2

1 .5.3

1'5.4

1.6

1.6.1

r.6.2

Lipoprotein(a) .............

Structure of lipoprotein(a)....

Metabolism of Lp(a)

The atherogenicity of Lp(a)

The Cardioprotective Effects of Estrogen

Evidence for an association between Lp(a) and CVD

l6

16

l7

l8

z)

Estrogen and Cardiovascular Disease

Estrogen, lipids and CVD

23

20

24

t.6.3 Estrogenic regulation of LDL receptor activity ........ 28



1.6.4

1.6.5

1.6.6

1.7

2.3

2.4

Estrogens and LDL oxidation in vitro.'...'

Estrogens and LDL oxidation ex vivo

Other potential cardioprotective effects of estrogen .......

Phytoestrogens and their potential as cardioprotectants .........

Plasma Isolation

Lowry Protein Assay.................

Measurement of Plasma LiPids.

5Z

35

38

1.8 OverallAims........ 42

2.1 Materials 44

44

45

45

46

47

48

49

49

52

2.2

2.6

2.5 Lipoprotein (a) ELISA

Isolation of LDL.........

2.7 LDL Oxidation

2.8 Thiobarbituric acid reactive substances determination in LDL.....

2.9 Cell Culture.....

2.10 Preparation ofLDL-Gold conjugates..'....'. 5l

2.11 Cellular LDl-receptor activity

The effect of estrogens and phytoestrogens on regulation of LDL receptor activity in

vitro 53

3.1 Introduction 54

3.2 Methods........... 58

3.2.t Cell culture 58

3.2.2 Compounds to be tested..... 58



3.2.3

activity

3.2.4

3.2.5

3.2.6

J.J

3.3.1

J.J.Z

J.J.J

3.2.4

3.2.5

3.4

Determining the effect of estrogens and phytoestrogens on LDL receptor

58

Estimation of antioxidant activity as measured by LDL oxidation

Determination of 1 7-B-hydroxysteroid dehydrogenase activity ....

.59

..59

60

60

Statistical Analysis

Results

Antioxidant regulation of LDL receptor activity ..................60

Estrogens and the regulation of HepG2 cell LDL receptor activity........6l

Phltoestrogens and LDL receptor activity

The antioxidant activity of phytoestrogens

I 7p-hydroxysteroid dehydrogenase activity

Discussion

62

71

62

6l

80

The effect of Hormone Replacement Therapy on Plasma Lipids, Lipoproteins and

LDL oxidation

4.1 Introduction

4.2 Methods.

4.2.1

4.2.2

4.2.3

4.2.4

4.2.s

4.2.6

8l

Study Subjects and Design

Mononuclear cell sample preparation .........

Measurement of Plasma Lipids

LDL Oxidation and TBARS measurement

Determination of Plasma Antioxidants by HPLC

Determination of LDL Particle Size

84

84

86

86

87

88

4.2.7 Plasma Homocysteine Determination by HPLC 88



4.2.8

4.2.9

4.2.10 Data Analysis

4.3 Results

4.3.1

4.3.2

4.3.3

5.2 Methods

5.2.1

5.3.2

s.3.3

Plasma Fatty Acid Measurement

LDl-Receptor Activity in Isolated Mononuclear Cells

89

90

90

9t

4.4 Discussion..... 107

The Influence of Dietary Factors on Lipoprotein(a) 113

5.1 Introduction .............. ..1t4

lt7

Study subjects and design tt7

5.3.2 Measurement of Lipoprotein(a) levels ..............1l8

Isolation of Lipoprotein(a) for determination of apo(a) si2e.................1l8

PreparationofApolipoprotein(a)sizestandards.............. ...119

Direct Determination of Apolipoprotein(a) size from plasma..............720

Measurement of urinary lignan excretion .........120

Statistical Analysis ........121

5.3.3

s.2.4

5.2.5

s.2.6

s.2.7

5.3 Results 122

s.3.1 The effect of flaxseed supplementation . t22

The effect of hormone replacement therapy on plasma lipoproteins......91

The effect of hormone replacement therapy on LDL oxidisability.........99

The effect of hormone replacement therapy on plasma homocysteine. 1 05

The effect of n-3 fatty acid supplementation on Lp(a) levels ...............122

The effect of dietary fatty acid composition on Lp(a) ........123

5.4 Discussion r30



The effect of isoflavonoid phytoestrogens on plasma lipoproteins and LDL oxidation

6.1 Introduction 138

6.2 Methods............ 141

6.2.1 Study designs ..... 141

6.2.2

6.2.3

6.3 Results

6.3.1

6.3.2

6.4

Laboratory Measurements..

Statistical Analysis

Study A

Study B

Discussion ........

142

143

144

144

144

155

General Discussion ...............163

7.1 Estrogens, Phytoestrogens and LDL cholesterol

7 .2 Estrogens, Phytoestrogens and LDL oxidation..

7.3 Estrogens, Phytoestrogens and Lp(a).

Appendix

8ibliography....................

..164

..167

168

t70

t72



I

List of Figures

Fígure 1.1 Schematic diagram of oxidation of polyunsaturated fatty acids

in LDL...

The structure ofselected estrogens and phytoestrogens.

The antioxidant regulation of LDL receptor activity in HepG2

cells by o-tocopherol.....

Figure 3.3 The effect of different estrogens on LDL receptor activity

in vitro... ..

Figure 3.4 The effect of estrone on LDL receptor activity in HepG2

cells....

Fígure 3.5 The effect of 178-estradiol on LDL receptor activity in

HepG2 cells......

9

55Fígure 3.1

Fígure 3.2

Fígure 3.6

Figure 3.7

Fígure 4.1

Figure 4.2

Figure 4.6

Figare 5.1

63

64

65

66

67

activity in vitro....

Fígure 4.3

The effect of hormone replacement on LDL particle size... ... '.

The effect of hormone replacement therapy on mononuclear

cell LDL receptor activity in postmenopausal women.

The relationship between change in LDL cholesterol and

LDL receptor activity with HRT...

Figure 4.4 The relationships between plasma antioxidants and lag time

of LDL oxidation....

Figure 4.5 The effect of HRT on LDL TBARS content after Cu2*-

mediated LDL oxidation.......

The effect of 50pM enterolactone, enterodiol, coumestrol and

l7p-estradiol on LDL receptor activity in HepG2 cells'.

The effect of isoflavonoid phytoestrogens on LDL receptor

The effect of hormone replacement therapy on homocysteine

concentration in postmenopausal women.

The effect of one week of flaxseed supplementation on Lp(a)

.68

..96

97

98

102

104

106

levels in men and pre-menopausalwomen... t24



II

Fìgure 5.2

Figure 5.3

Fígure 5.4

Figure 5.5

Apo(a) isoform size is not related to the change in Lp(a) levels

in response to flaxseed supplementation in healthy males.......

Correlations between changes in Lp(a) and urinary lignan

excretion......

The effect of n-3 fatty acid supplementation on Lp(a) levels.... '

The effect of dietary saturated fatty acid intake on Lp(a) levels

125

126

127

during a calorie restricted diet...... 129

Figure 6.1 The relationship between initial (baseline) cholesterol levels

and the change in LDL and total cholesterol upon completion

of the study. '.....'...153



III

Tøble 3.1

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.7

Tøble 5.1

List of Tables

The antioxidant activity of selected phytoestrogens. ....69

Subject characteristics. . . . 85

The effect of hormone replacement on plasma cholesterol,

triglyceride and LDL cholesterol.

The effect of hormone replacement therapy on HDL

93

cholesterol levels

The effect of hormone replacement on Lp(a).

The effect of hormone replacement on LDL oxidation

94

95

147

148

149

parameters

Table 4.6 Plasma concentrations of the lipid soluble antioxidants

o-tocopherol, B-carotene and retinol.

Plasma fatty acid content

The effect of incremental doses of EPA and DHA on Lp(a)

in healthy males.......

Table 6.1 The effect of soy isoflavone supplementation on the

parameters of ex vivo LDL oxidation

Table 6.2 The effect of soy isoflavone supplementation on LDL

TBARS concentration before and after oxidation.

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 6.7

100

101

103

128

Subject characteristics, Study B...........

The effect of isoflavone supplementation on serum levels of total and

HDL cholesterol in postmenopausal women...... .......150

The effect of isoflavone supplementation on serum levels of

triglycerides, LDL cholesterol and lipoprotein(a) 151

The effect of isoflavone supplementation on serum lipids of

hypocholesterolaemic postmenopausal women from Study 8..... ...152

Serum levels of daidzein and genistein following three months of

isofl avone supplementation 154



IV

Abstract

The aim of this thesis was to examine the effects of estrogens and phytoestrogens, on

plasma lipoprotein levels and other risk factors for cardiovascular disease, including the

oxidisability of low density lipoprotein (LDL).

Hepatic LDL receptor activity plays an important role in the regulation of plasma LDL

levels. In vitro studies presented here in the human hepatoma cell line HepG2 revealed

that of the three major human estrogens, only estradiol was able to upregulate LDL

receptor activity at 5OpM. The phytoestrogens, daidzein, biochanin A, formononetin and

coumestrol were all able to upregulate LDL receptor activity invitro. Comparison of the

effects of the two lignan phytoestrogens suggested that estrogenicity is an important

determinant of their LDL receptor activity regulation.

ln an in vivo study of hormone replacement therapy (HRT) in postmenopausal women, it

was found that estrogen and progestin did not cause significant upregulation of

mononuclear cell LDL receptor activity, despite there being noted a reduction in plasma

LDL cholesterol. A reduction in the level of the atherogenic lipoprotein(a) was found

following three months of HRT, however there was no significant effect of HRT on the

parameters of ex vivo LDL oxidation.

Ground flaxseed (lOg/d), which is rich in phytoestrogenic lignans and o-linolenic acid,

was found to increase the levels of Lp(a) in men, while there was no effect noted in



V

women. This appears unlikely to be due to the fatty acid component of the flaxseed as we

found no effect of either n-3 fatty acids or a high polyunsaturated fat diet on Lp(a) in

other studies. While statistically significant, the reduction in Lp(a) was small and is

unlikely to provide significant cardiovascular beneht. Further dose response studies are

required to clarify the role of flaxseed in this reduction and to determine whether the

Lp(a) lowering effect is maintained with longer-term supplementation. Further in vivo

studies with isoflavonoid phytoestrogens found no effect of these compounds on Lp(a).

Despite the previously demonstrated ability of daidzein and genistein to protect LDL

from oxidation in vitro, we found no effect of isoflavone supplementation on ex vivo

LDL oxidation. Isolated soy-derived isoflavones did not elicit a cholesterol-lowering

effect in post-menopausal women, at either moderate (75m9 isoflavones/d) or high doses

(l50mg isoflavones/d). As whole soy protein consumption has been reported to have a

cholesterol lowering effect at lower isoflavone levels, this suggests that there may be an

additional component of soy which facilitates this effect.

Thus, while estrogen was shown to upregulate LDL receptor activity in vitro, it was not

possible to demonstrate this effect in vivo, suggesting that postmenopausal hormone

replacement may be affecting LDL receptor independent catabolism of LDL.

Phytoestrogens can upregulate in vitro LDL receptor activity, but when isolated soy

isoflavones were given to postmenopausal women, no LDL cholesterol-lowering effect

was noted. While animal studies suggest phytoestrogenic isoflavones play a role in the

cholesterol-lowering effect of soy diets, it appears this effect is not independently

mediated by the phytoestrogens.
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Ov ervíew of I ntr o duclio n

Women have lower rates of cardiovascular disease than age-matched men, a difference

which diminishes with age (Castelli 1988), and has been attributed to estrogen (Barrett-

Connor and Bush l99l). The introduction to this thesis will commence with a general

discussion of lipoproteins, including their metabolism and relation to cardiovascular

disease. It will then discuss the possible mechanisms by which estrogen may be acting to

protect against the development of cardiovascular disease, and lead into a final discussion

of phytoestrogens, dietary compounds which display estrogenic activity, and their

potential as cardioprotectants.



1.1 Cardiovascular Disease and Lipids

Cardiovascular disease (CVD) is the leading cause of death in most Western societies.

One of the major pathologies of CVD is atherosclerosis, which is characterised by the

development of fatty plaques in the artery wall. These space-occupying, cholesterol-laden

plaques can result in a reduction in blood flow through the artery, leading to peripheral

vascular disease or myocardial infarction. There are a number of well-defined risk factors

for the development of CVD, and these include smoking, hypertension and obesity.

Additionally, the plasma lipid profile has been found to be a major influence on CVD risk

(Martin et al. 1986).

The major lipids found in plasma are cholesterol (mostly in the form of cholesterol ester),

triglyceride and phospholipid. With the exception of free fatty acids, these hydrophobic

molecules are transported in plasma in the form of lipoproteins. Lipoproteins are

comprised of proteins called apolipoproteins which interact with phospholipid and free

cholesterol to form the polar outer surface of the lipoprotein encompassing an inner core

of cholesterol ester and triglyceride. Lipoproteins differ in the their apolipoprotein

content, and these proteins regulate the interaction of the lipoproteins with receptors and

enzymes. However, the most commonly used nomenclature with which lipoprotein types

are distinguished, relates to their density. (Harwood et al. 1994)

The largest, least dense lipoprotein particle in plasma is the intestinally derived

chylomicron. Chylomicrons are responsible for the delivery of dietary triglyceride into
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the circulation and ate a post-prandial lipoprotein with a short half-life, normally

undetectable after an overnight fast. Very low density lipoprotein (VLDL) is the major

carrier of triglyceride in the plasma in the fasting state and is mostly produced in the

liver. VLDL and chylomicrons differ in that the triglyceride carried by VLDL is mostly

endogenously produced. In addition, VLDL is smaller and has slightly more cholesterol,

phospholipid and protein. VLDL is metabolised by lipoprotein lipase in the endothelium

of capillaries supplying skeletal muscle and adipose tissue (Harwood et al. 1994). The

hydrolysis of the triglyceride within the VLDL particle by lipoprotein lipase, leads to the

production of intermediate density lipoproteins (lDL). IDL is further metabolised by

hepatic lipases to form the relatively triglyceride poor/cholesterol rich low density

lipoprotein (LDL) (Thompson I 990).

LDL is the major carrier of cholesterol in the plasma. Derived from the metabolism of

VLDL, LDL has much less triglyceride and its protein content is composed almost

entirely of apolipoprotein B (apoB16s in humans). LDL is responsible forthe majority of

the delivery of cholesterol to peripheral tissues. Smaller amounts of cholesterol are

carried in the heterogenous high density lipoprotein (HDL) population. Most often

divided into HDLz and HDL3 subclasses according to density, HDL also differ in their

apolipoprotein content and can contain either apoAl, apoAII or both apoA variants

(Harwood et a|. 1994). It appears that HDL is responsible for the removal of cholesterol

from tissues and the return of this cholesterol to the liver, a process that has been named

' reverse cholesterol transport' (Barter 1 993).
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Data obtained from the Framingham study indicated that elevated levels of total plasma

cholesterol were associated with an inereased risk for development of CVD (Kannel et al

1981, Dawber 1990). Associations between plasma cholesterol and CVD risk are to a

large degree attributable to plasmaLDL levels (Kannel et al. l98l), and elevated LDL

cholesterol has been shown to be a clearly defined CVD risk factor. Elevated plasma

triglyceride levels have also been shown to be associated with increased CVD risk

(Castelli 1986). Plasma high density lipoprotein (HDL) appears to be cardioprotective

and thus low levels of HDL have been associated with an increased risk of developing

CVD (Castelli et al. 1986).

1.2 LDL Metabolism

Removal of LDL from the circulation occurs mostly in the liver (Dietschy et al. 1993),

and most of this occurs as a result of uptake by the LDL receptor (Pittman et al. 1979),

which was discovered by Goldstein and Brown (1977). The main role of the LDL

receptor is to provide all cells of the body with a mechanism for constant delivery of

cholesterol for membrane synthesis. In addition, the LDL receptor provides a lipoprotein

uptake mechanism for cells which use cholesterol as a substrate for production of

bioactive compounds including sex steroids, bile acids and corticosteroids. Being the

primary regulator of LDL levels, the liver has a high number of LDL receptors (Brown

and Goldstein 1986).
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The LDL receptor is a cell surface receptor which is subject to feedback regulation by

intracellular cholesterol concentration (Brown and Goldstein 1986). The LDL receptor

recognises apoBlgs and apoE and binds these ligands in a high afflrnity saturable

mechanism, resulting in LDL binding to LDL receptors in coated pits, which become

endocytosed. Subsequently the LDL receptor dissociates from the LDL particle and is

recycled to the surface of the cell. The LDL within the endosome undergoes lysosomal

digestion, and the cholesterol esters released, undergo hydrolysis. The free cholesterol

then acts to down regulate the cellular production of cholesterol by the enzyme HMG-

CoA reductase (Brown and Goldstein 1986).

An increase in cellular unesterified cholesterol (or an oxygenated derivative) acts not

only to downregulate cellular cholesterol production by suppression of transcription of

the HMG CoA reductase gene, but also promotes cholesterol esterification by the enzyme

acyl CoA: cholesterol acyltransferase (ACAT) to the metabolically inactive cholesterol

ester. In concert with these two effects, the increase in unesterified cholesterol in the cell

also results in suppression of cellular production of LDL receptors (Brown and Goldstein

l 986).

Regulation of LDL receptor expression by sterols involves a complex interaction between

DNA binding proteins and the promoter region of the LDL receptor gene. The LDL

receptor promoter region contains sequences named Spl that bind transcription activating

proteins, and also a region called the sterol response element (SRE-l) which binds sterol

response element binding proteins (SREBP's) (Yokoyama et al 1993). Precursors to
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SREBP are cleaved to generate a soluble SREBP which translocates to the nucleus where

it is able to bind SRE-I and promote transcription of the LDL receptor gene. Sterol

regulation of LDL receptor appears to occur through regulation of SREBP proteolysis.

The presence of sterols in the cell inhibits the cleavage of SREBP from its precursor,

decreasing the amount of SREBP, and therefore reducing transcription of the LDL

receptor gene (Wang et al. 1994b). This series of mechanisms allows cells to regulate

their uptake of LDL, which aids in the regulation of cellular cholesterol content.

1.3 The Oxidation Hypothesis of Atherogenesis

1.3.1 LDL oxidatíon

Studies in animal models have revealed that atherosclerotic plaques are initiated by the

formation of fatty streaks beneath the endothelium of the artery (Fagiotto et al. 1984).

These fatty streaks are comprised of foam cells, cells laden with cholesterol ester. Foam

cells are mostly of macrophage origin arising from circulating monocytes, but can also be

derived from smooth muscle cells (Aqel et al. 1984, Steinberg et al. 1989). As it is tightly

regulated by negative feedback, the LDL receptor is not thought to be responsible for

massive accumulation of cholesterol in foam cells. In addition, in homozygous Familial

Hypercholesterolaemia (FH), a hereditary condition in which mutations of the LDL

receptor gene result in the translation of non-functional LDL receptors, the development

of atherosclerosis occurs at a young age (Schaefer et al. 1994). A currently favoured

hypothesis for the uptake of LDL into foam cells is through the scavenger receptor

pathway.
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LDL which has undergone oxidative modification has been shown to be taken up by

macrophages at a greatly enhanced rate (Steinbrecher et al. 1989, Henriksen et al. l98l).

As a result of the abstraction of H* from double bonds in the polyunsaturated fatty acids

(PUFA) within the LDL, molecular rearrangement of the PUFA takes place and

conjugated dienes are formed (Jialal and Deveraj 1996) which can be detected

spectrophotometrically at 234nm. The conjugated dienes react further to form

hydroperoxides, which degrade into aldehydes (Figure 1.1).



Figure 1.1 Schematic diagram of oxidation of polyunsaturatedfatty acids in LDL
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The major aldehydes produced include malondialdehyde (MDA) and 4-hydroxynonenal

(FINE), and these products can react with lysine residues on apo B (the major protein

component of LDL). This results in a decrease in the net positive charge, and

fragmentation of apo B, such that it can no longer be recognised by the LDL receptor.

Unregulated uptake of the oxidised LDL can then occur by an alternate receptor that does

not recognise unmodified LDL, leading to the production of lipid laden foam cells

(Henriksen et al. 1981, Hoff et al. 1992). Invitro, LDL can be oxidised by incubation

with transition metal ions such as copper (Heinecke et al. 1984). In addition, it has been

shown that incubation of LDL with a variety of different cultured cells including

endothelial cells, smooth muscle cells and macrophages can result in LDL oxidation

(Morel et al 1984, Berliner and Heinecke 1996, Parthasarathy et al. 1986). The proposed

mechanisms by which cells oxidise LDL include superoxide anion (Hiramatsu et al.

1987), myeloperoxidase (Savenkova et al. 1994) and thiol production (Sparrow and

Olszewski 1993).

Oxidised LDL has been implicated in the development of atherosclerosis by a number of

frndings. Immunocytochemical techniques have been utilised to show that components of

oxidised LDL are present in arterial atherosclerotic lesions, but not in normal arteries

(Haberland et al. 1988, Yla Herttuala et al. 1994). LDL isolated from atherosclerotic

plaques has also been shown to possess physiological properties similar to that of

oxidised LDL (Yla-Herttuala et al. 1989). Palinski et al. (1995) found that immunisation
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of Watanabe Heritable Hyperlipidaemic (WHHL) rabbits with MDA modified LDL (a

form of oxidised LDL) resulted in a reduction in the extent of atherosclerotic lesions, but

how this immunisation might be protective in this LDL receptor-deficient, atherosclerosis

prone rabbit model is not known.

1.3.2 Antíoxidønts and LDL Oxidatìon, ønd their relatìon lo CVD

As LDL oxidation appears to play a significant role in atherogenesis, there has been a

great deal of interest in compounds that might prevent oxidation of LDL, that is

antioxidants.

In vítro monitoring of LDL oxidation can be performed by incubation with Cu2* coupled

with spectrophotometric detection of conjugated dienes at 234nm (Esterbauer et al.

1989). In this model, three major phases of oxidation can be detected. The first is the lag

phase, during which the PUFA within the LDL are protected from oxidation. This if

followed by the propagation phase, where rapid oxidation of PUFAs to hydroperoxides

occurs. The final decomposition phase is characterised by a shift in the balance between

conjugated diene production (and therefore production of lipid peroxides), and

breakdown of the lipid peroxides (to products which include reactive aldehydes). The

concentration and type of antioxidants within the LDL particle or included in the

incubation medium play a role in determining the length of the lag phase.

One of the major antioxidants in the LDL particle is cr-tocopherol (Stocker, 1993). Early

evidence suggested that oxidation of the LDL particle did not occur until all the
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endogenous cr,-tocopherol was consumed (Jessup et al. 1990, Esterbauer et al. l99l).

However later studies have suggested that cr,-tocopherol has the ability to act not only as

an antioxidant, but also as a pro-oxidant through generation of the highly reactive

tocopheroxyl radical (Bowry et al. 1992). The antioxidant activity of a-tocopherol

appears dependent upon co-antioxidants such as ubiquinol-10 being present in the LDL

particle (Thomas et al 1996). The resistance of the LDL particle to oxidation (which can

be determined by the lag time) has been reported to be related to its o-tocopherol and

ubiquinol-l0 content (Esterbauer et al. 1991, Abbey et al. 1993b, Tribble et al. 1994).

Addition of a number of different antioxidants to isolated LDL, enhances its resistance to

oxidation (reviewed in Jialal and Scaccini, 1992), and following dietary supplementation

with antioxidant vitamins, the ex vivo oxidisability of LDL is reduced (Abbey et al. 1993,

Stocker 1993).

The ability of antioxidants to protect against in vitro LDL oxidation is well established,

but how well this translates to a protective effect against atherosclerosis in vlvo is still

unclear. Probucol is a cholesterol-lowering drug which has potent antioxidant activity and

inhibits the in vitro oxidation of LDL (Parthasarathy et al. 1986). In rabbits, probucol

inhibits the development of atherosclerosis, however whether the effect is related to its

cholesterol lowering properties or antioxidant properties cannot be ascribed (Mao et al.

l99l). The study by Mao and co-workers also examined a probucol analogue which did

not display the hypocholesterolaemic effects. The analogue slightly decreased lesion area

in this cholesterol fed rabbit model, but this effect was not statistically significant (Mao et

al. l99l).
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Vitamin E is a racemic mixture of tocopherols, with o-tocopherol being the most potent

antioxidant. It has been shown that supplementation with vitamin E causes an increase in

plasma cr-tocopherol concentration (Abbey et al. 1993b, Esterbauer et al 1991, Tribble et

al. 1994). However while u-tocopherol contributes toward protection of LDL from

oxidation, the ability of the vitamin E to inhibit atherogenesis has not been consistently

shown. Vitamin E has been shown by some to reduce lesion area in WHHL rabbits

(Williams et al. 1992), however others have found no effect (Kleinveld et al. 1995). In

addition, very high doses of vitamin E have been found to be pro-atherogenic (Godfried

et al. 1989). These in vivo effects may be a reflection of the ability of cr,-tocopherol to act

as a pro-oxidant as well as an antioxidant in vitro (Bowry et al. 1992).

Treatment of LDL receptor-null mice with an antioxidant supplement containing vitamin

E, B-carotene and the water soluble antioxidant vitamin C, resulted in a reduction in

atherosclerotic lesion size and protection against ex vivo LDL oxidation, however the

correlation between these two effects was not strong (Crawford et al. 1998).

Two large prospective epidemiological studies in humans have found that high vitamin E

intake was associated with a reduction in CVD risk (Stampfer et al. 1993, Rimm et al.

1993). In these studies, vitamin E intake was assessed by a single questionnaire and it is

difficult to rule out the possibility that consumers of large amounts of vitamin E may

differ in other important variables.
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Clinical trials have much more power with which to examine antioxidant

supplementation and CVD, but two recent large trials examining cr-tocopherol

supplementation have not made consistent findings. The ct-Tocopherol, B-Carotene

Cancer Prevention Group (1994) found no effect of vitamin E on heart disease mortality.

However the Cambridge Heart Antioxidant Study, found evidence to suggest that vitamin

E may reduce the incidence of non-fatal myocardial ischaemia (Stephens et al. 1996).

In summary, while there is evidence implicating oxidised LDL in atherogenesis, and LDL

oxidation can be inhibited in vitro and ex vivo by antioxidants, whether LDL oxidation

can be related directly to the development of atherosclerosis has yet to be conclusively

shown.

1.4 The Pathogenesis of Atherosclerosis

Our knowledge of the intricate processes of atherogenesis remains incomplete, and

research in this area continues to illuminate a wide range of complex mechanisms by

which cholesterol may be deposited in the artery wall. These appear to involve multiple

interactions between cells, matrix components of the arterial wall, circulating monocytes

and lipoproteins.

In vitro studies of cell-mediated oxidation of LDL have mostly been found to require the

presence of trace amounts of transition metal ions such as Fe2* and Cu2* lHiramatsu et al.

1987, Sparrow and Olszewski 1993). In vivo, transition metal ions are found bound to
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plasma proteins rather than as free ions, and the most abundant plasma protein albumin,

has been found to inhibit Cu2* induced oxidation of LDL (Thomas 1992). Additionally,

plasma contains water soluble antioxidants such as ascorbate which have been shown to

protect LDL from oxidation in vitro (Jialal et al. 1990). Current theory suggests that

extensive LDL oxidation does not occur in plasma, but rather in the intima of the artery

sequestered from plasma antioxidants (Berliner and Heinecke 1996), where retention of

LDL may provide opportunity for oxidation and degradation (Nielsen 1999).

In brief, it is thought that the monocytes respond to chemotactic and adhesive cell signals,

leading them to differentiate into macrophages within the intima (Ross 1993). The

macrophages can become loaded with cholesterol ester through the unregulated uptake of

oxidised LDL, and possibly uptake of other lipoproteins via alternate receptors, this

eventually results in foam cell formation and subsequent accumulation of lipid beneath

the endothelium (Steinberg et al. 1989). In addition, proliferation of smooth muscle cells

in the vessel wall forms a hbrous connective tissue matrix which contributes to the space-

occupying fibro-fatty lesion (Ross 1993). The process feeds back into further

inflammatory responses that continue a cycle of monocyte recruitment, cell proliferation

and differentiation, and damage to the vessel wall.

In addition to being taken up at an enhanced rate by cells, oxidised LDL has been shown

to have a number of effects that may contribute to the formation of the atherosclerotic

lesion. Oxidised LDL is cytotoxic (Thorne et al. 1996), and has been found to enhance

the production of chemokines, including the monocyte chemotactic protein MCP-l in
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endothelial cells (Cushing et al. 1990, Terkeltaub et al. 1998) which is thought to aid the

entry of monocytes into the arterial wall.

1.5 Lipoprotein(a)

1.5.1 Structure of lípoproleín(a)

Lipoprotein(a) [Lp(a)] is an LDL-like lipoprotein first described by Berg in 1963 which

is found almost exclusively in humans and higher primates. Like LDL, Lp(a) is

cholesterol ester rich and contains apolipoprotein Broo (apoB). However Lp(a) contains

the unique apolipoprotein(a) [apo(a)] linked by disulphide bonds to apoB (Gaubatz

19S3). Evidence suggests that each Lp(a) contains one molecule of apoB and one ortwo

molecules of apo(a) (Albers etal.1996, Fless et al.1994).

Apo(a) is a large glycoprotein which confers considerable heterogeneity to Lp(a), and can

range in size from approximately 300-800 kDa. Apo(a) size is determined by the number

of multiple protein subunit repeats which are structurally similar to kringle IV repeats of

plasminogen, bearing approximately 80%o homology (Marcovina and Morrisett 1995).

Apo(a) comprised of between 12 to 5l kringle IV repeats have been identified (Lackner

et al. 1993). It appears that most individuals are heterozygous, ie display a double band

apo(a) phenotype (Klezovitch and Scanu 1995), although a null apo(a) allele has been

identified which results in little or no detectable level of Lp(a) (Rees et al. 1990).
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1.5.2 Metabolísm of LP(a)

Despite its structural similarity to LDL, levels of Lp(a) do not appear to be primarily

regulated by the LDL receptor. An early study by Hoffmann et al. (1990) in a transgenic

mouse model which overexpressed LDL receptors found accelerated clearance of injected

human Lp(a), compared to normal mice. However a great deal of evidence since

presented, suggests that LDL receptors do not play a major role in the metabolism of

Lp(a). In vitro, interactions of Lp(a) with the LDL receptor have shown Lp(a) to be a

much poorer ligand than LDL (Armstrong et al. 1990). LDL receptor simulating drugs

such as HMG-CoA reductase inhibitors do not decrease Lp(a), in fact they have been

shown to increase Lp(a) levels (Berglund, 1995). In addition, studies comparing normal

and FH subjects have found that the absence of functional LDL receptors does not result

in any difference in Lp(a) catabolic rate (Knight 1994, Rader et al. 1995).

Apo(a) is produced by the liver, but unlike LDL, Lp(a) is not thought to be a direct

metabolic product of VLDL (Sandholzer et al. 1992). Lp(a) is thought to be formed by

association of apo(a) with an apoB-containing lipoprotein particle outside the liver (Frank

et al. 1996). ln normolipdaemic subjects, it is the rate of synthesis rather than the rate of

catabolism that determines Lp(a) levels (Rader et al. 1993).

In hyperlipidaemic states, there may be alterations in Lp(a) metabolism. In

hypertriglyceridaemia, enhanced association of apo(a) with triglyceride-rich lipoproteins

may allow additional clearance through the VLDL receptor (McTigue Argraves et al.

1997). Bartens et al. (1994) found hypertriglyceridaemia to be associated with a lower
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plasma Lp(a) level, and in this subject group Lp(a) levels were inversely correlated to

triglyceride levels. Conversely, in hypercholesterolaemic patients Lp(a) levels have been

found to be elevated (Ritter et al. 1994). It has yet to be determined whether these

hyperlipidaemic states are associated with changes in synthesis or degradation of Lp(a) or

a combination of both.

While not significantly altered by a number of commonly used hypolipidaemic drugs,

Lp(a) levels have been shown to be altered by hormones. Both androgens and estrogens

have been shown to lower Lp(a) levels (Berglund 1995). Lp(a) has also been shown to be

reduced following thyroxine treatment for hypothyroidism (Klausen et al. 1992). In the

apo(a) transgenic mouse it has been found that estrogen and tamoxifen but not

progesterone decrease the expression of apo(a) mRNA in the liver (Zysow et al. 1997),

suggesting that these hormones modulate Lp(a) levels at least in part, at the level of

synthesis.

1.5.3 Evidence for an association belween Lp(a) ønd CVD

Lp(a) levels in Caucasian populations are markedly skewed toward levels less than

25mgldl. Elevated levels of Lp(a) have been shown to be an independent risk factor for

atherosclerotic disorders including myocardial infarction (Sandcamp et al. 1990,

Rosengren et al. 1990), peripheral atherosclerosis (Sutton-Tyrell et al. 1996), and

ischaemic heart disease (Craig et al. 1998), and have been shown to be associated with

the severity of coronary artery disease (Labeur et al. 7992). However, an association

between Lp(a) concentration and CVD has not been found by all investigators. Carmena
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et al. (1996) found no association between Lp(a) levels and CVD in heterozygous

familial hypercholesterolaemia (FH) patients, but the impact of the defect in LDL-

receptor regulation (which confers hypercholesterolaemia to these patients) on Lp(a) is

still unclear. Additionally, Moliterno et al. (1995) found no relationship between Lp(a)

and coronary atherosclerosis in African-Americans. As a population, African-Americans

have higher mean Lp(a) levels which is not associated with an increase in CVD

occurrence, suggesting that the atherogenicity of Lp(a) may differ in this population

(Guyton et al. 1995).

Lp(a) levels have been shown to be inversely correlated with apo(a) size by a number of

researchers (Azrolan et al. 1991, Hegele et al. 1997, Utermann et al. 1987, Abe and

Noma 1992, Gaubatz et al. 1990), but apo(a) phenotype has been estimated to account for

only 35-70%o of the variation in Lp(a) levels. The same phenotype can be associated with

a 200 fold difference in Lp(a) levels (Perombelon et al. 1994).

Although Apo(a) size has been shown to be inversely related to Lp(a) levels, the

relationship between apo(a) size and CVD has been harder to demonstrate. Farrer et al.

(1994) found that elevated Lp(a) levels were associated with coronary artery disease

independent of apo(a) isoform size. In addition, Brown and others (1993) found that

apo(a) phenotype was not a significant predictor of carotid atherosclerosis whereas Lp(a)

levels were an independent predictor of disease state. Conversely, a large multi-national

study examining six different populations found that smaller apo(a) isoforms were more

frequent in coronary heart disease patients than controls (Sandholzer et al. 1992). A
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significant association between small apo(a) isoforms (low kringle IV number) and

coronary heart disease was also noted by Kraft et al. (1996), and apo(a) size was found to

be associated with degree of atherosclerosis in Japanese coronary heart disease patients

(Amemiya etal.1996).

1.5.4 The øtherogenícitY of LP(ø)

Despite the conflicting findings regarding a direct relationship between apo(a) size and

CVD risk, apo(a) does appear to play a significant role in the pathogenicity of Lp(a).

Following the development of a mouse model expressing human apo(a), Lawn et al.

(1992) reported that in these cholesterol-fed transgenic mice expressing human apo(a),

susceptibility to the development of atherosclerosis was increased. Apo(a) was

immunodetected at the site of lesion in the aorta but not non-lesioned sections of aorta in

this mouse model (Lawn et al. 1992). Immunostaining techniques have also been

employed to examine atherosclerotic lesions in humans, and have shown that apo(a) is

present in lesions in forms resembling whole oxidised Lp(a), as Lp(a) complexed to other

plaque components or lipoproteins, and as degraded Lp(a) (Hoff et al 1993). Enhanced

uptake of human Lp(a) into atherosclerotic lesions has also been noted in rabbits (Nielsen

et al. 1996).

There is mounting evidence to indicate that Lp(a) is a risk factor for CVD, and further

studies suggest that apo(a), partly by virtue of its marked homology to plasminogen,

plays a major role in the pathogenicity of this lipoprotein. Plasminogen is the inactive

version of the protease plasmin. Binding of plasminogen to fibrin or other binding sites
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on the vessel wall allows subsequent activation to plasmin, which plays an important role

in the prevention of thrombus formation. The similarity of apo(a) to plasminogen is

thought to promote the association of Lp(a) with the hbrin-rich clots in arteries. This

could result in interference with fibrinolysis, a hypothesis supported by the ability of

Lp(a) to inhibit fibrin-mediated generation of plasmin from plasminogen (Hajjar et al.

1989). Inhibition of plasmin generation by Lp(a) may also inhibit the plasmin-mediated

activation of transforming growth factor-beta (TGF-B). In vitro, the inhibition of TGF-P

activation has been shown to enhance proliferation of smooth muscle cells (Grainger et

al.1993), and this may further enhance lesion formation.

It has been suggested that the Lp(a)-fibrin association can also result in retention, and

consequently increased uptake, of Lp(a) into the arterial wall (Hanis 1997). In the apo(a)

transgenic mouse model, modihcation of the major lysine binding site on apo(a) (which

is thought to be responsible for fibrin/apo(a) binding), results in a reduction of

atherosclerotic lesion development compared to wild type apo(a) transgenic mice

(Boonmark et al. 1997). Different apo(a) isoforms appear to display differences in the

affinity for lysine binding to human monocytes (Kang et al. 1997) and fibrin (Hervio et

al. 1993) which may contribute toward an explanation for the associations noted between

apo(a) isoform size and CVD.

Cholesterol deposition in the artery is thought to occur through the transfer of

lipoproteins into the intima of the artery, and subsequent uptake into macrophages and

smooth muscle cells. In addition to fibrin, Lp(a) has been shown to avidly bind
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glycosaminoglycans and other matrix components which are typically found in

atherosclerotic plaques (Bihari-Vargaetal. 1988, Harpel et al. 1989, Pillarsetti etal1997,

Dahlen et al l97S). Retention of lipoproteins within the intima of the artery is

hypothesised to be an important feature of the development of the fatty streak, and

aggregation of lipoproteins may contribute significantly to their retention. Lp(a) has been

shown to readily complex with itself, LDL and VLDL in the presence of Ci* to form

insoluble complexes (Yashiro et al. 1993). Interestingly, not only did HDL fail to

complex with Lp(a), but it also prevented Lp(a) self aggregation, which illustrates

another potential anti-atherogenic effect of HDL. The C** induced self-aggregation of

Lp(a) has also been shown to enhance its uptake into macrophages compared with native

Lp(a) (Tanaka et al. 1998).

Like LDL, malondialdehyde modifïcation of Lp(a) enhances its scavenger receptor

uptake by macrophages (Haberland et al. 7992, Naruszewicz 1992), however there is

evidence to suggest that Lp(a) can also be taken up by the macrophages though other

receptors or in association with other lipoproteins. Cholesterol loading of macrophages

results in the induction of a novel cell surface receptor which recognises apo(a) (Keesler

et al. 1994). Lp(a) has been shown to associate with triglyceride rich lipoproteins (Scanu

etal. 1994, Bersot et al. 1986), which may provide an additional uptake route into cells

(Gianturco etal.1994, Bersot et al. 1986, Beisiegel 1995).

In summary, there is an increasing amount of evidence linking elevated levels of Lp(a) to

CVD, and in vitro studies have revealed unique characteristics of this lipoprotein which
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may explain its atherogenicity. These include the ability to associate with the vessel wall

and other lipoproteins to enhance retention and uptake of this cholesterol rich lipoprotein.

1.6 The Cardioprotective Effects of Estrogen

1.6.1 Estrogen and Csrdiovssculør Disease

Epidemiological evidence suggests that in terms of prevalence, women develop CVD

approximately 6-10 years later than men. However after menopause, the incidence of

CVD rises in women, and in later years \¡/omen have rates of CVD equal to that of age

matched men (Castelli l98S). A number of studies have found that post-menopausal

estrogen use is associated with a lower risk of developing CVD (reviewed in Barrett-

Connor and Bush 1991). However others have not noted any reduction in risk associated

with post-menopausal hormone replacement (Hemminki and McPherson 1997). A study

examining the relationship between estrogen replacement therapy and CVD found that

while current estrogen use was associated with reduced cardiovascular mortality, it did

not reduce morbidity (Sourander et al. 1998). The HERS study, a large, randomised,

blinded trial of estrogen/progestin replacement in women with established coronary

disease has recently been completed, and the findings of this study suggest that

estrogen/progestin hormone replacement does not provide any benefit in secondary

prevention of CVD events (Hulley et al. 1998).

While there is debate as to whether the cardioprotective effect of estrogen can be shown

epidemiologically before and after menopause (Tunstall-Pedoe 1998), there is evidence
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to suggest estrogen is signifrcantly involved in cardiovascular health. In both rabbit and

primate models, estrogen supplementation after ovariectomy protects against the

development of dietary induced atherosclerosis (Sulistiyani et al' 7995, Adams et al'

leeO).

1.6.2 Estrogen,líPíds and CVD

A great number of studies have been performed to examine the effects of female

hormones on lipid levels and these have not always provided consistent results. At least

part of the variability is due to the influence of route of administration, and differences in

the types of estrogens and progestins used in the studies.

Transdermal postmenopausal estrogen administration appears to have minimal, if any,

effects on plasma lipids (Basdevant et al.l99l, de Lignieres et al. 1986, Tilly-Kiesi et al.

1997, Walsh et al. 1991 , Walsh et al. 1994, Lahdenpera et aI. 1996 Taskinen et al. 1996).

A great number of studies have been performed to examine the effect of oral estrogen on

plasma lipids and the effects have not always been consistent.

Treatment of postmenopausal women with oral conjugated equine estrogens (CEE), oral

l7B-estradiol or oral ethinyl estradiol alone, has been found to increase triglyceride levels

(Muesing et al. 1992, Sacks et al. 7994, Walsh et al. 1991, Bruschi et al. 1996, Colvin et

al. 1990, Walsh et al. 1991, Applebaum-Bowden et al. 1989, Tuck etal. 1997).'While

others have found no significant effect of these oral estrogens on triglyceride, in some

cases there was a non-significant increase noted (Rajman et al. 1996, Kim et al. 1994,
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Shewmon et al. 1994, de Lignieres et al. 1986, Basdevant et al. 1991' Brinton 1996).

Interestingly, oral l7B-estradiol treatment has been shown to decrease triglyceride

concentrations in men (Giri et al. 1998).

Oral estrogens alone (CEE and estradiol), have mostly been found to cause an increase in

HDL cholesterol (Bruschi et al. 1996, Basdevant et al. 1991, Shewmon et al. 1994,

Muesing et al. 1992, Sacks et al. 1994, Rajman et al. 1996, Colvin et al. 1990, Walsh et

al. 1991, Haines et al. 1996, Kim et al. 1996), although de Lignieres et al. 1986 found no

effect of either micronised l7b-estradiol or estradiol valerate on HDL levels. HDL

cholesterol concentration has been shown to be inversely related to body mass index

(BMI) (Steyn et al. 1989), and the decrease in HDL noted by Taskinen et al. (1996)

following oral HRT may have been influenced by the significant increase in weight in

that group of women. Where HDL subfractions were reported, it was mostly changes in

HDLz that were seen (Colvin et al. 1990, Haines et al. 1996, Muesing et al. 1992),

although decreases in HDL¡ have also been found (Basdevant et al. 1991).

The effect of oral estrogens alone on LDL cholesterol concentration is less consistent that

that seen with HDL. Three studies published in 1996 examined the effect of bilateral

ovariectomy followed by estrogen replacement therapy (consisting of CEE alone) on

plasma lipids. Bruschi et al. (1996) and Kim et al. (1996) found that following

ovariectomy, LDL cholesterol concentrations increased and subsequent estrogen

replacementtherapy decreased LDL. However, Rajman et al. (1996) noted no significant

effect of either ovariectomy or subsequent estrogen replacement therapy on LDL,
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although there was a slight non-significant decrease in LDL noted with estrogen therapy.

Other studies have found either decreases (Sacks et al. 1994, Walsh et al. 1991,

Basdevant et al 1991, Museing et al. 1992, Shewmon et al. 1994, Tuck et al. 1997,

Haines et al. 1990) or no change (De Lignieres et al. 1986, Colvin et al. 1990) in LDL

cholesterol with oral estradiol or CEE.

Estrogen replacement therapy has also been found to decrease Lp(a) levels (Haines et al.

1996, Tuck etal. 1997, Kim et al. 1996, Taskinen etaL.7996, Bruschi et al. 1996). Oral

estrogen therapy appears to be more effective than transdermal estrogen in reducing

Lp(a) levels (Taskinen et al. 1996). This may be due to the first pass effect of orally

administered hormones as the changes to Lp(a) concentrations are thought to be a result

of decreased production rather than increased rate of catabolism (Rader et al. 1994).In

the apo(a) transgenic mouse, treatment with ethinyl estradiol and tamoxifen supressed

apo(a) gene expression in the liver and therefore decreased circulating levels of apo(a).

Progesterone did not have any effect on apo(a) in this model (Zysow et al. 1997).

Similar lipid lowering effects to those seen with oral estradiol have been found following

treatment with oral estrone (Colvin et al. 1990), and tamoxifen has been found to lower

LDL and Lp(a) to an extent comparable with oral estradiol (Shewmon et al. 1994).

Concomitant administration of a strongly androgenic progestin with estrogen therapy

tends to antagonise the lipid effects of the estrogen. However the more modern progestins

tend to be less androgenic, and a number of recent studies examining combination
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estrogen + progestin hormone replacement therapy have demonstrated potentially

cardioprotective effects of combination therapy. Ulloa et al. (1998) examined the effect

of CEE and medroxyprogesterone acetate (MPA), a 2l carbon progestin with less

androgenic activity than the l9-nor progestins, on plasma lipids. The MPA appeared to

counteract the triglyceride-elevating effect of CEE, while the decrease in LDL cholesterol

and increase in HDL cholesterol were preserved. In a study reported by Haines et al.

(1996) examining oral estradiol and MPA, hormone treatment had no effect on

triglycerides or HDL, but decreased LDL and Lp(a) levels. Most studies investigating

oral combination hormone replacement therapy have found decreases in LDL (van der

Mooren etal. 1994, Heikkinen etal. 1999, Kim etal. 1994, rWolfe et al. 1995), butthe

effects on HDL and triglyceride in the aforementioned studies have been less consistent.

Transdermal estrogen replacement in combination with oral MPA has been found to

decrease LDL and triglyceride levels (Mattsson et al. 1993), but another study noted only

the hypotriglyceridaemic effect (Tilly-Kiesi et al. 1997).

The Postmenopausal Estrogen/Progestin Intervention (PEPI) study was a large, placebo-

controlled, randomised, double-blinded clinical trial designed to compare CEE alone and

CEE with either MPA or micronised progesterone (The Writing Group for the PEPI trial,

1995). The significant increase in endometrial hyperplasia in those women treated with

unopposed estrogen highlighted the ethical difficulties in conducting such a study, and

confirmed the need for restriction of unopposed CEE to those women without a uterus.

The PEPI study reported increases in HDL cholesterol with active hormone treatment
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which were greatest in the CEE alone group. All active treatments were associated with a

decrease in LDL cholesterol and an increase in triglyceride.

In summary, oral estrogen replacement therapy has been found to be associated with a

reduction in LDL cholesterol and Lp(a) and an increase in HDL cholesterol, all

potentially cardioprotective effects. In addition, estrogen treatment can cause an increase

in triglyceride, but in light of the increase in HDL, this probably does not contribute to a

greatly enhanced CVD risk. The route of delivery of the estrogen appears to have a

significant impact upon the effects seen, and transdermal estrogen administration has a

lesser effect on plasma lipids. Co-administration of a progestin with estrogen therapy

may negate some of the cardioprotective effects, but this is to some extent determined by

the type and dose of progesterone used. Less androgenic progestins appear to have less

adverse effects on plasma lipids.

1.6.3 Estrogenìc regulalìon of LDL receptor activity

There is a great deal of evidence to suggest that estrogen decreases LDL cholesterol. This

is thought to occur at least partly through increased hepatic LDL receptor activity,

resulting in enhanced clearance of LDL. The effect of estrogen on hepatic LDL receptor

activity in humans has not been extensively reported, most likely due to the diffìcultly

associated with obtaining liver biopsies. In human derived HepG2 cells, Semenkovich

and Ostlund (1987) found that incubation with 37¡tM l7p-estradiol significantly

increased cell surface LDL receptor activity. Hepatic LDL receptor binding activity has

also been found to be signihcantly increased in two male patients receiving estrogen
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treatment (the type of estrogen was not specifred) for treatment of prostatic cancer

(Angelin et al. 1992).

Changes in LDL receptor activity mostly reflect changes in the amount of receptor

expressed by cells. As LDL receptor degradation appears to occur at a rate independent

of receptor expression, it is therefore changes in the rate of synthesis that are primarily

responsible for regulating the amount of LDL receptors expressed by the cell (Soutar and

Knight 1990). This is illustrated by treatment of rabbits with l7cr,-ethinylestradiol which

results in an increase in LDL receptor number, which is correlated with an increase in

LDL receptor mRNA (Ma et al. 1986).

The hormones insulin and estradiol, have been shown to increase LDL receptor activity

in vivo (Krone et al 1988, Ma et al 1986). In an in vitro cell model it was shown that LDL

receptor regulation by estradiol and insulin was dependent upon an intact SRE-I

sequence in the LDL receptor gene. However in the case of insulin, it was SREBP

dependent, while estradiol exhibited SREBP independent effects (Streicher et al. 1995).

Therefore, while insulin may be regulating LDL receptor levels via cellular SREBP

content, it appears that estrogens are interacting with SRE-1 via another mechanism. The

existence of SRE-dependent, but sterol- and SREBP-independent regulation of LDL

receptor transcription, is supported by a finding by Makar et al. (1998). In the human

Jurkat cell line (a human T cell line) it was found that mitogenic stimulation of LDL

receptor transcription was independent of both cellular sterol content and SREBP's

(Makar et al. 1998).
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Whether the LDL receptor stimulating effect of estrogen is mediated through the estrogen

receptor is still not known. Parini et al. (1997) examined the effect of an estrogen and

anti-estrogen on hepatic LDL receptor activity in rats. It was found that treatment with

l7a-ethinylestradiol increased the expression of LDL receptor mRNA, an effect which

was abolished by co-administration of the anti-estrogen tamoxifen, while tamoxifen alone

had no effect on either cholesterol levels or LDL receptor mRNA. However as very high

doses of both hormones were used in this rat study, it may not represent a good

physiological model for LDL receptor regulation in humans. Interestingly, tamoxifen has

been shown to have estrogenic effects on the liver at therapeutic doses in vivo (Barkhem

et al. 1997, Cassidy 1999), and results in a reduction of plasma LDL cholesterol in

postmenopausal women (Guetta et al. 1995, Wiseman 1995).

Classically, estrogen receptor (ER) regulation of gene transcription involves estrogen

binding to the ER, followed by binding of the ER to DNA at estrogen response elements

in the promoter region of the gene, an effect which is antagonised by anti-estrogens

(Beato 1989). However the LDL receptor promoter does not contain the currently defrned

estrogen response element (Streicher et al. 1996). Recently is has been discovered that

two major classes of ER exist- ERcr and ERB. Their distribution in tissue has been well

characterised in the rat (Kuiper et al. 1997), and it was found that ERo was the

predominant ER type in the rat liver. A recent study in human tissue and human-derived

cell lines has revealed that both the liver and HepG2 cell lines possess the ERB5 isoform

(Moore et al. 1998). The ER subtypes have differing binding affinity for estrogens, anti-
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estrogens and other compounds with estrogenic activity, in addition to eliciting different

responses at the level of gene transcription (Zou et a1.1999, Cassidy 1999, Kuiper et al.

1997). Barkhem et al. (1997) examined the ability of the traditional anti-estrogen

tamoxifen, to display 'estrogenic' activity in regulating transcription of sex hormone

binding globulin (SHBG) genes in a transformed HepG2 cell line. Perhaps not

surprisingly, it was found that tamoxifen did not have its effect through the classical

pathway of ERo binding to estrogen response elements associated with the gene.

Therefore, it may be either a non-classical ER pathway (possibly through ERp), or an

ER-independent mechanism which governs regulation of 'estrogenic' gene transcription

in the liver.

In addition to more direct effects on the LDL receptor, estrogen may also be regulating

hepatic cholesterol homeostasis through other mechanisms. Post-menopausal estrogen

replacement has been found to increase hepatic biliary cholesterol secretion, but decrease

bile acid secretion in women (Everson et al. l99l). The effects of estrogen and

progesterone on the regulation of liver cholesterol have yet to be clariflred, but may also

include effects on 7a-hydroxylase (Colvin et al. 1998), and sterol 27-hydroxylase

(Kushwaha et al. 1996) both of which are enzymes involved in bile acid synthesis.

Estrogens and other compounds displaying estrogenic or anti-estrogenic activity which

decrease LDL cholesterol levels in vivo, appear to do so at least in part by regulating

hepatic LDL receptor expression. The mechanism by which this occurs is not yet known,

but may involve interaction with the sterol response element (SRE-I) region of the LDL
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receptor promoter. Whether this interaction involves the estrogen receptor (either ERcr or

ERB), again has yet to be conclusively shown. But in the case of the'estrogenic' action

of tamoxifen on hepatic gene expression, this may occur through ERB rather than

ERa (Zou et al. 1999).

1.6.4 Estrogens and LDL oxìdatíon in vÍtro

Changes to plasma cholesterol concentrations have been estimated to account for

approximately 25-50% of the cardioprotective effect of estrogens (Barrett-Connor and

Bush 1991). The remaining 50-75% of the cardioprotective effect has not been

apportioned, but part of this effect may be due to estrogens providing LDL with

protection from oxidation. Studies in a cholesterol-fed rabbit model and an

oviarectomised primate model have shown that l7-B-estradiol retards the development of

arterial lesions independent of any reduction in cholesterol level (Hough and Zilversmit

1986, Adams et al. 1990). In ovariectomised monkeys fed a moderately atherogenic diet,

Wagner et al. (1991) found that estrogen (17B-estradiol) and progesterone replacement

therapy reduced the accumulation of LDL and LDL degradation products in the coronary

arteries, while no significant changes in plasma lipid or lipoprotein concentrations were

observed. Recently, it was found that both transdermal and oral estradiol were able to

decrease lesion formation in an ovariectomised rabbit model independent of total

cholesterol concentration (Haines et al. 1999).

Yagi and Komura (1986) hypothesised that estrogens might act as antioxidants due to the

presence of their phenolic hydroxyl group. The ability of l7p-estradiol, estrone and
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estriol to inhibit the peroxidation of methyl linoleate by UV irradiation was examined,

and it was found that at 5mM concentrations, these hormones displayed antioxidant

properties. Sugioka et al (1987) demonstrated that the concentrations of estradiol and

estrone required to achieve 50% inhibition in Fe3*-induced oxidation of phospholipid

microsomes was about 4 and 6 times that of c¿-tocopherol. In the same system, Nakano et

al. (1987) showed that the metabolite catechol estrogens were even more potent

antioxidants than cr-tocopherol, and Mukai et al. (1990) demonstrated the ability of these

catechol estrogens to regenerate tocopherol from the tocopheroxyl radical. It appears that

the addition of the second hydroxyl group on the phenolic ring of the estrogen confers

greater strength with respect to the ability to scavenge oxygen radicals and terminate free

radical chain oxidation of lipids.

Huber et al (1990) demonstrated that l7p-estradiol at concentrations ranging from 0.25-

7.5pM, inhibited the oxidation of LDL in vitro by 10¡rM Cs2*. Further to this, when

cultured P388D.l macrophages were incubated with LDL and either lOpM l7-B-estradiol

or testosterone for l8 hours, the cellular cholesteryl ester content was reduced by 17-þ-

estradiol but not testosterone. The oxidation and uptake of LDL by cells was dependent

upon the presence of Cu2* in the medium. The authors concluded that l7-B-estradiol may

have acted to reduce the accumulation of cellular cholesteryl ester by inhibiting LDL

oxidation, and therefore subsequent scavenger receptor uptake (Huber at al. 1990).

Mazière et al (1991) reported upon the ability of the three major human estrogens;

estradiol, estrone and estriol, to inhibit Cu2* and cell induced LDL oxidation. In the 5-
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l0¡rM raîge, both estradiol and estriol significantly inhibited Cu2* induced LDL

oxidation with estradiol being the more potent. At lOprM, all three estrogens inhibited

LDL oxidation by both endothelial cells and monocytes, with estradiol again being the

most potent inhibitor. In addition, pre-treatment of monocytes with estrogens resulted in

inhibition of oxidation when the monocytes were subsequently incubated with LDL. It

was also noted that macrophages displayed a reduced ability to degrade r2tl-labelled LDL

when co-incubated with estrogens. Therefore estrogens could be shown to act as

antioxidants in the presence of cultured cells thought to oxidise LDL in vivo, and to

reduce the LDL degradation by these cells in culture (Mazière et al. l99l). Recently

Schwaery et al. (1998) also examined the invitro antioxidant effects of estradiol, estrone

and estriol, but found that only estradiol was able to afford protection against oxidation to

LDL. Interestingly, the 4 hour pre-incubation of LDL with estradiol needed to occur in

the presence of plasma rather than saline, highlighting the possibility that some

component of plasma is mediating estradiol association with the LDL particle, or

modifying the estradiol in some way to have a more potent effect. The authors suggested

that formation of more hydrophobic estradiol- fatty esters in the LDL particle may be

mediating the enhanced protection against LDL oxidation (Schwaery et al. 1998).

However, the formation of catechol estrogens which have a greater ability to protect LDL

against oxidation than estrogens (Taniguchi et al. 1994), may also be a possible

mechanism.

Estradiol has been found to inhibit LDL oxidation by human mononuclear cells at a

concentration of l¡rM (Rifici and Kachadurian 1992) and to protect aortic endothelial
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cells from cytotoxicity associated with oxidised LDL at concentrations of 0.5¡rM (Negre-

Salvayre et al. 1993). The progestins levonorgestrel, progesterone and

medroxyprogesterone acetate alone, or in combination with estradiol, have been found

not to affect in vitro LDL oxidation (Schröder et al. 1996, Arteaga et al. 1998).

1.6.5 Estrogens ønd LDL oxidslion ex vivo

It has been estimated that approximately 2-3Yo of plasma estrogen is found in the LDL

lipid fraction (Leszczynski and Schafer 1989). As 17-B-estradiol has been shown to act as

an antioxidant at concentrations as low as 0.25¡tM \n an in vilro system (Huber et al.

1990), whether this in vitro activity could be translated to an effect seen e.r vlvo has been

examined by a number of researchers. Keaney et al. (1994) used a miniature swine model

to investigate the effect of ovariectomy and estrogen replacement therapy on plasma

lipids and endothelial function. LDL from sham-operated animals and from animals that

had undergone ovariectomy in association with an estradiol implant, was significantly

more resistant to oxidation (demonstrated by a longer lag time), when compared to LDL

from animals that had undergone an ovariectomy and received a placebo implant.

However in ovariectomised monkeys, Schwenke et al. (1999) found no significant effect

of either conjugated equine estrogens (CEE) alone, CEE + medroxyprogesterone acetate

(MPA), MPA alone or tamoxifen on the lag time or rate of Cu2+-mediated LDL

oxidation. Moreover, in both of the estrogen treated groups (+ MPA), lag time was

inversely associated with plasma estradiol concentration.
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Sacks et al. (1994) examined the effect of both transdermally delivered 17-B-estradiol

(Estraderm 0.1 patch) and an acute arterial infusion of l7-p-estradiol, on the Cu2*-

mediated oxidation of LDL. Shortly following intra-arterial infusion of 17-B-estradiol the

plasma level of estradiol reached L6nM which is comparable to the level that could be

achieved by a pre-menopausal woman mid-cycle (Becker 1990). This resulted in a

significant 36%o increase in the lag time of LDL oxidation. Following three weeks of

transdermal estradiol administration, estradiol levels were significantly elevated to 0.46

nM and lag time was significantly prolonged by 42%. Guetta et al. (1995) noted a less

prominent effect of transdermal estradiol (Estraderm 0.1 patches) on the lag time of LDL

oxidation. The study aimed to determine the contributions of Vitamin E and estradiol to

lag time. Individually, Vitamin E and estradiol showed non-significant increases in lag

time. When the two compounds were administered as a combined therapy, the effect on

lag time reached significance, but no significant synergism was noted with both therapies

combined.

Nenseter and colleagues (1996) were the first to report on the effect of combined

estrogen/progesterone therapy in post-menopausal women on LDL oxidation. The study

involved the administration of l7B-estradiol and norethisterone acetate for 12 weeks in

l3 post-menopausal women. Using Cu2*-initiated oxidation (final Cu2* concentration

1.67¡rM) it was found that the combined HRT had no effect on the lag time or rate of

oxidation. However in the study by Nenseter et al., LDL was dialysed extensively against

an EDTA-containing PBS before being stored. This then required that the LDL be further

extensively dialysed against EDTA-free PBS before the LDL could undergo oxidation.
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Scheek et al (1995) have shown that dialysis of LDL results in a loss of lipophillic

antioxidants, and it is therefore possible that the extensive dialysis performed by Nenseter

et al. may have resulted in a loss of estrogen and other antioxidants from the LDL

particle.

Schröder et al. (1996) found that estrogen replacement therapy protected against exvivo

Cu2* mediated LDL oxidation, and this was not affected by co-administration of a

progestin. Conversely Santanam et al. (1998) found no protective effect of estrogen

replacement therapy on ex vivo LDL oxidation in postmenopausal women, nor any effect

from cyclical changes in endogenous estrogen in pre-menopausal women. However in

women hyperstimulated with estrogen during IVF, protection against LDL oxidation was

noted.

In a recent study, estrogen replacement therapy did not affect the lag time of LDL

oxidation, but did decrease levels of antibodies against oxidised LDL (Hoogerbrugge et

al. 1998). Clearly the effect of postmenopausal estrogen treatment on LDL oxidation has

yet to be clarif,red. This is hampered by the methods used for measuring LDL oxidation.

Isolation of LDL for ex vivo oxidation has a number of limitations, including the fact that

it can not take into account the effect of antioxidants not directly associated with the LDL

particle.
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1.6.6 Other potenlíal cardíoprotective effecls of eslrogen

The amino acid homocysteine has been found by some to be strongly correlated to CVD

mortality (Alfthan et al. 1997, Nygard et al. 1997), however this effect has not been

consistently noted (Evans et al. 1997). Estrogen therapy given to male -+ female

transsexuals has been found to lower homocysteine levels (Giltay et al. 1998), as has low

dose estrogen treatment in elderly males (Giri et al. 1998), and estrogen treatment in rats

(Kim et al. 1997).In two groups of elderly women, one taking and the other not taking

hormone replacement, no significant difference in serum homocysteine was noted

(Carmel et al. 1996), however in post-menopausal women treated with tamoxifen for

breast cancer, plasma homocysteine concentrations were found to decrease (Lien et al.

1997). The influence of postmenopausal estrogen replacement on homocysteine has yet

to be clarified. A study by van der Mooren et al. (1997) found that changes in

homocysteine concentration occurred only in women with high baseline levels.

Estrogen appears to have a great number of effects at the vessel wall that may be

cardioprotective (Nasr and Breckwoldt 1998). Arterial smooth muscle cells have been

shown to have estrogen receptors (Bayard et al. 1995), and estrogen has been shown to

enhance the release of the vascular relaxation mediator, nitric oxide (Imthurm et al.

1997). In a cross sectional study comparing postmenopausal HRT users with post-

menopausal women who had never used HRT, it was found that both estrogen

replacement therapy and estrogen + progesterone replacement therapy was associated

with improved flow-mediated dilatation determined by response to reactive hyperaemia

in the forearm (McCrohon et al. 1996).
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1.7 Phytoestrogens and their potential as cardioprotectants

Phytoestrogens are plant-derived compounds displaying estrogenic or anti-estrogenic

activity. The ability of these weakly estrogenic compounds to have significant effects ln

vivo was demonstrated by early observations of infertility in sheep fed on subterranean

clover pastures (Schinkel 1948). In the human diet, the polyphenolic phytoestogens can

be sub-classified into groups which include the isoflavones, lignans and coumestans.

Major dietary isoflavones include genistein, daidzein and formononetin which can be

found in high quantities in soy based foods. The major human lignans identified in

human biological fluid, enterolactone and enterodiol, are derived from

secoisolariciresinol and matairesinol through conversion by gastrointestinal bacteria.

(Setchell and Adlercreutz 1988). Flaxseed (linseed) is the most commonly eaten lignan-

rich food. Coumestans include the compound coumestrol which is strongly estrogenic

(Cassidy 1999), and can be found in alfalfa sprouts.

As is characteristic of weak estrogens, these compounds also display anti-estrogenic

activity (Collins et al. 1997). Whether phytoestrogens display estrogenic or anti-

estrogenic activity is likely to depend upon the amount of other steroid or phytoestrogen

present (Mousavi and Adlercrcutz 1992) and the type of estrogen receptor present (Paige

et al 1999).
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In addition to possessing estrogenic activity, conferred by the presence of a phenolic

hydroxyl group, a number of these compounds also display antioxidant acitivity (Rice

Evans et al. 1996). This has been widely shown, and includes the ability to protect LDL

from oxidation in vitro, which has been noted for genistein (Kerry and Abbey 1998) and

daidzein (Hodgson et al. 1996). Consumption of isoflavone-containing soy bars was

found by Tikkanen et al. (1998) to provide protection to LDL against oxidation ex vivo.

Asian populations are high consumers of soy derived foods and have lower rates of CVD,

but they also consume less saturated fat which is an important dietary factor in relation to

cholesterol levels and subsequently CVD risk (Tham et al. 1998). However there is some

evidence that polyphenolic phytoestrogens lower cholesterol levels. Coumestrol has been

shown to have a hypocholesterolaemic effect in an ovariaectomised rat model (Dodge et

al. 1996). Additionally, work by Prasad et al. 1998 suggests that the lignans present in

flaxseed may be involved in lowering LDL cholesterol levels, and may account for a

significant proportion of the anti-atherogenic effect. Crouse et al. (1999) have

demonstrated that increasing amounts of isoflavones consumed in a set amount of soy

protein showed a dose-response effect in lowering of LDL and total cholesterol levels.

A study by Anthony et al. (1997) in a primate model noted a reduction in atherosclerotic

lesion area with a soy protein diet with intact isoflavone content, compared with a soy

diet from which the isoflavones had been removed. Recently Kirk and co-workers (1998)

have provided further evidence that soy isoflavones may reduce plasma cholesterol and

the development of atherosclerosis, and have also given insight into possible mechanisms
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for these effects. Comparing two species of mouse which display accelerated

atherogenesis; C57BL16 mice which have low HDL cholesterol, and mice deficient in

LDL receptors, they examined two soy based diets. One soy based diet was rich in

isoflavones (roy*), whereas in the other soy based diet the isoflavones had been extracted

(soyJ. The soy* diet lowered cholesterol in the C57BL|6 mice whereas the so¡ diet did

not. In addition, atherosclerotic lesion area was significantly reduced on the soy* diet in

these mice. Meanwhile in the LDL receptor deficient mice, the cholesterol levels and

extent of atherosclerosis was the same for both diets, suggesting that the LDL receptor

played an important role in the mechanism of cholesterol lowering by isoflavones. This is

supported by a study published by Baum et al. (1998) who found increased mononuclear

cell LDL receptor mRNA following consumption of an isoflavone-rich soy protein diet in

hypercholesterolaemic postmenopausal women. While there is evidence to suggest that

phytoestrogens may lower cholesterol and protect against LDL oxidation, the evidence

for this is by no means conclusive.
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1.8 Overall Aims

The broad aims of this research are to examine the effects of estrogens and other

compounds with estrogenic activity on lipids and other risk factors for cardiovascular

disease.

Specifically, this will be examined through a number of research avenues:

In vitro studies examining the ability of estrogens and phytoestrogens to regulate

hepatic LDL receptor activity, and regulate uptake of LDL and Lp(a) into macrophages.

A longitudinal study of hormone replacement therapy in postmenopausal women to

examine the influence of female steroid hormones on lipids and on ex vivo LDL

oxidation.

The effects of phytoestrogens of the lignan and isoflavone classes on the hormonally

sensitive lipoprotein Lp(a), and the effect of soy isoflavones on LDL oxidation and lipids.

As postmenopausal hormone and phytoestrogen therapies are increasingly being

marketed as cardioprotective agents, it is hoped that this research will further our

understanding of the effects of estrogens and phytoestrogens on lipoprotein metabolism.

I

t
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CHAPTER 2

General Methods
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This chapter contains general methods that are common to a number of the further

chapters of this thesis. More specific methods will be given in the following chapters

where appropriate.

2.1 Materials

General chemicals were supplied by Sigma-Aldrich (Castle Hill, VIC, Australia), Ajax

(Auburn, NSW, Australia) and BDH (Kilsyth, VIC, Australia). Solvents were all HPLC

or analytical grade and were supplied by BDH. Water was purified using the Milli-qrv

system (Millipore, MA, USA).

2.2 Plasma Isolation

Whole blood was collected into evacuated tubes containing lmg/ml

ethylenediaminetetra-acetic acid disodium salt (EDTA). Plasma was isolated from blood

by centrifugation at 3000 rpm (1500 x g) for l0 minutes in a Beckman GS-6R centrifuge

(Beckman Instruments, California, USA), and then removed and stored at -80oC until use,

unless otherwise specified. Once thawed, the plasma was centrifuged at 3000 rpm for 4-5

minutes to pellet fibrin before the plasma sample was used.
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2.3 Lowry Protein AssaY

Protein was measured using a modification of the Lowry et al. (1951) method, on a

Cobas Bio automated analyser (F. Hoffman- La Roche, Basel, Switzerland) as described

by Clifton et al. (1988), utilising BSA standards and measuring absorbance at 750nm.

HepG2 and mononuclear cell protein concentrations were measured using the Lowry

method on either a Molecular Devices Spectramax 250 Microplate reader with SoftMax

Pro software (Molecular Devices, California, USA), or a Beckman DtJ-65

Spectrophotometer (Beckman Instruments, California, USA).

2.4 Measurement of Plasma LiPids

Measurement of plasma cholesterol and triglyceride was performed on a Cobas-Bio

automated analyser (F. Hoffman- La Roche, Basel, Switzerland), using Roche Unimate

cholesterol and triglyceride kits (F. Hoffman- La Roche, Basel, Switzerland). Quality

control serum (Ciba-Corning, Australian Diagnostics) was included with every test run.

Total HDL and HDL¡ cholesterol was determined using Dextralip 50 (Sochibo, France).

Dextralip-MgCl2 solutions were used to precipitate Apo-B containing lipoprotein from

the plasma samples and then cholesterol in the supernatent measured as described for

plasma cholesterol. HDLz cholesterol was obtained by calculating the difference between

total HDL and HDL3. LDL cholesterol was calculated using the Friedewald equation

(Delong et al. 1986).
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2.5 Lipoprotein (a) ELISA

Anti-human Lp(a) antibody from mouse (Boehringer Mannheim GmbH, Germany) was

diluted 11750 in phosphate buffered saline (PBS) (containing 137 mM NaCl, l0l mM

KCl, 3 mM NazHPO¿, 2 mM KHzPO+), and a volume of 110p1 was added to each well of

a Nunc-lmmuno Maxisorp C96 well microplate (Nunc, Australia). The plate was then

incubated overnight at room temperature on a microplate shaker (DPC Micromix4,

BioMediQ,UK),

Following the overnight incubation, the antibody was discarded and any unbound surface

in the wells blocked with l50pl of PBS containing 0.5gll RIA grade Bovine Albumin

(BSA) for a period of one hour. The plate was then washed five times with wash buffer

(consisting of PBS plus 5gll- Tween-2O) using a Nunc-lmmuno Wash 8 (Nunc,

Australia), and this same wash procedure was followed throughout the assay. Samples,

standards and controls (Lp(a) standards and controls from Behringwerke AG, Germany)

diluted 1/100 in PBS/BSA/TWEEN (PBS containing5gL Tween-2O, 0.5glL BSA) were

then added to the wells and incubated on the microplate shaker for 30 minutes. Following

this, the wells were washed and l00pL of anti-Human Lp(a) antibody from goat diluted

lll250 in PBS/BSA/TWEEN, was added to each well. Following a further two hour

incubation, the plate was again washed and diluted peroxidase-linked anti-goat IgG

antibody from rabbit was added and incubated for 90 minutes (Goat anti-Human Lp(a)

and rabbit anti-goat IgG antibodies from Incstar, Minnesota, USA).
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The plate was washed, and colour developed by incubation with an o-phenylenediamine

solution (l8mM o-phenylenediamine, 3.2mM NaHPOa, l.2mM citric acid, 0.06%HzOz)

for 10 minutes, after which the reaction was stopped with 2N sulphuric acid. The plate

was read at 492nm using a Molecular Devices Spectramax 250 Microplate reader and

Lp(a) concentrations calculated using SoftMax Pro software (Molecular Devices,

Califomia, USA).

2.6 Isolation of LDL

In order to isolate LDL, l.35ml of a solution with a density of 1.006 g I ml containing

0.15M NaCl and 0.1% EDTA, was placed into Beckman 17x32 mm PA-Quickseal

centrifuge tubes. Plasma was adjusted to dl .21 by the addition of 0.3242 g KBr per ml of

plasma.0.65ml of the dl.2l plasma was then underlayed into each Quickseal tube and

the tubes were heat sealed. The tubes were placed in a TLA 120.2 rotor and spun at

100,000 rpm (435,680 x g) for 30 minutes at4oC in aBeckman benchtop OptimaTLX-

Ultracentrifuge (Beckman Instruments, California, USA) with an acceleration and

decceleration time of 4 minutes. This rapid isolation technique as described by Chung et

al (1986) results in the formation of a discrete LDL band approximately one third from

the top of the tube.

The LDL band was removed from the Quickseal tube using a25 gauge needle and a I ml

syringe. A 25 gatge needle was using to puncture the top of the tube to release the
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vacuum within the tube. The needle and syringe were inserted directly into the side of the

tube beneath the LDL band. Approximately 200 pl of LDL was then removed from the

tube and transferred into a L5 ml microtube, and stored immediately on ice'

LDL was dialysed against 3 changes of phosphate buffered saline (PBS) to remove KBr

and EDTA. A maximum of 5 ml of LDL per I L of PBS (4 mM KHzPO+, 16 mM

NazHPO¿, 150 mM NaCl, pH 7.\ was used. PBS was deoxygenated before use by

purging with dry nitrogen. LDL was dialysed in a closed container for 2 hours, and then

the pBS changed and deoxygenated and further dialysed overnight. The following

morning, the PBS was again changed and deoxygenated for a further 2 hours of dialysis.

Upon removal from dialysis tubing the LDL was placed in an microtube and stored on ice

while not in use.

LDL samples in duplicate, were diluted 1/3 using the final dialysate, and LDL protein

concentration was determined using the Lowry Protein Assay on a Cobas-Bio automated

analyser (see 2.2),

2.7 LDL oxidation

LDL was oxidised at 37oC in the presence of 0.005mM CuSO+ at a concentration of

100pg LDLlml, using the final dialysate to dilute the LDL sample. It has previously been

shown that the use of LDL isolated from frozen as opposed to fresh plasma does not

affect LDL oxidation parameters. Oxidation was monitored using a Beckman DU-65
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Spectrophotometer with a Kinetics softpac module (Beckman Instruments, California,

USA) at 234nm with measurements taken at 120 second intervals for a total of 150

minutes. At 234nm the formation of conjugated dienes can be determined by an increase

in absorbance (Esterbauer et al, 1989). The oxidation reaction was terminated with the

addition of 32¡i of 4mM EDTA, and 6¡rl of 8.5mM butylated hydroxytoluene (BHT)

giving final concentrations of 0.l07mM EDTA and 0.0425mM BHT. From the

absorbance changes over time, lag time, rate of oxidation and maximum absorbance of

dienes could be determined. Rate of oxidation and maximum diene concentration were

calculated using the extinction coeffiecient for conjugated dienes at234 nm (e:29,500

L. mol-r.cm-r) (Beuge and Aust 197S).

2.8 Thiobarbituric acid reactive substances determination in LDL

The measurement of malondialdehyde (MDA) in LDL was performed on a Cobas-Bio

automated analyser using a method as described in Abbey et al (1993). This method

measures the thiobarbituric acid reactive substances (TBARS) content of the sample.

MDA concentration was calculated using the extinction coefficient for MDA at 535nm

(e:1.56 x 10s L.mol-r.cm-r¡ (Beuge and Aust 1973).

2.9 Cell Culture

J774 Macrophages and HepG2 cells were cultured in Dulbecco's modified Eagles

medium (DMEM) containing l0%o heat inactivated Fetal Bovine Serum (FBS), 200 mM
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L-glutamine, 20 mM HEPES, 16 pglml gentamycin and 50 000 U/ml penicillin at37oC

in 5%o COz in air. All media and cell culture chemicals were purchased from GIBCO

(Life Technologies, Australia) and Sigma (Sigma-Aldrich, Australia). FBS was sourced

from Trace B iosciences (Australia).

Cells were subcultured following two washes with sterile PBS, by incubation with 0.1%

trypsin/EDTA for 5 minutes. The cells were then resuspended in DMEM + lÙyo FBS as

described above.

For experimental incubations, phenol red-free DMEM and lipoprotein-deficient (LPD),

charcoal-stripped FBS was used in place of normal DMEM and FBS. Lipoprotein

deficient FBS was prepared by ultracentrifugation. Briefly, FBS was adjustedto dl.215

g/ml with KBr and subjected to centrifugation for 40 hours at 38 000 rpm in a Beckman

50.2Ti rotor at lQoC to isolate serum lipoproteins. Following removal of the lipoproteins,

the FBS was dialysed for 72 hours against frve changes of l50mM NaCl. Charcoal

stripping was performed by slowly mixing the FBS with DextranTT5-coated charcoal for

24 hours at 4oC, after which the majority of the charcoal \ryas removed by centrifugation

at 16009 for 20 mins. The stripped LPD-FBS was then filtered with a 0.8¡rm filter to

remove any remaining charcoal particles, and subsequently filter sterilised with a 0.45

pm filter (Millipore, Bedford, MA, USA).
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2.10 Preparation of LDL-Gold conjugates

Whole blood provided by the Red Cross (South Australia), was centrifuged to isolate

plasma. The plasma was subjected to ultracentrifugation to isolate LDL

d1.025<LDL<d1.050. Prior to conjugation the LDL was diluted to lmg LDL protein/ml

and then dialysed overnight against 2L of 50 mM Na2EDTA, pH 8.

Colloidal Gold was prepared in siliconised glassware using the method of Frens (1973).

402 ml of a0.1o/o solution of choloroauric acid (HAuCla) was brought to the boil under

reflux. When the solution commenced boiling, ll.2 ml of lYo trisodium citrate solution

was added and the mixture was boiled continuously until a red colour developed and

stabilised (approximately 10-15 minutes). The colloidal gold solution was allowed to cool

and stored at 4oC when not in use'

For conjugation, l50pg of LDL was diluted to 0.5m1 using Milli-Q water. The LDL was

then vortexed as 5 ml of colloidal gold solution was added. The mixture was centrifuged

at 12,000 rpm, in a fixed angle rotor for 20 minutes to pellet the conjugates. The LDL-

gold conjugates were collected and pooled,and0.2glml solid sucrose added. The LDL-

gold conjugates were frozen at -80oC.
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2.ll Cellular LDl-receptor activity

Cellular LDL receptor activity was measure by the method of Roach et al. (1993). The

protein content of the cells was determined using the Lowry method (see chapter 2.3).

For total binding, a volume of cells equivalent to l00pg cell protein was incubated at

room temperature for t hour with LDL-gold conjugates (20pg LDL protein/ml) and 2mM

Ca(NO3)2 in incubation buffer (60mM Tris containing2}mglml BSA, pH 8), with a total

volume of 300p1. For non-specific binding, l00pg cell protein was incubated with LDL-

gold conjugates and incubation buffer as described above, with 0.02 M EDTA replacing

the Ca(NO¡)2. Both assays were done in duplicate. Following the incubation, cells were

pelleted by centrifugation at 400 x g, 20oC for l0 minutes in a Beckman GS-6R

centrifuge (Beckman Instruments, California, USA), and the supernatent removed.

For total binding the cells were resuspended in 500 pL of 2mM Ca(NO3)2, and for non-

specific binding the cells were resuspended in 20mM EDTA. The cells were pelleted by

centrifugation at 400 x g for 10 minutes, and the supernatent removed. The cells were

resuspended in 120 pl of 4Yo gum arabic and transferred to sample cups. The amount of

cell bound LDL-gold was determined using an IntenSErMBL silver enhancement kit

(Amersham, UK) on a Cobas-Bio automated analyser (F. Hoffman- La Roche, Basel,

Switzerland). LDL-gold conjugates diluted in 4o/o gum arabic were used as standards. The

coefficient of variation for this assay is <lÙyo.
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CHAPTER 3

The effect of estrogens and phytoestrogens on regulation of LDL receptor

activity in vitro



54

3.1 Introduction

Early studies demonstrated that pharmacological doses of l7o-ethinyl estradiol

administered to male rats (Chao et al. 1979) and rabbits (Ma et al. 1986) resulted in a

significant reduction in LDL cholesterol levels as a result of an increase in hepatic

LDL receptor expression. However, Srivastava et al. (1993) highlighted a significant

species-dependent effect, when it was shown that the regulation of LDL receptor

levels differ in the rat and the mouse. In addition, Ferreri and Naito (1978) reported

that the effect of estrogens on rat serum cholesterol was dependent not only on the

dose, but also on the length of treatment and the type of estrogen. A biphasic response

was noted with respect to dose, with lower doses of estrogens increasing serum

cholesterol concentrations, whereas higher doses decreased serum cholesterol levels.

The case of tamoxifen treatment further illustrates some deficiencies of these animal

models. In postmenopausal women, tamoxifen treatment lowers LDL cholesterol

(Guetta et al. 1995a, Wiseman 1995), whereas in arat model, tamoxifen has been

found to have no effect on either total cholesterol or LDL receptor expression (Parini

et al. 1997).

In humans, the response of hepatic LDL receptor activity to estrogens has been less

well documented. Increases in LDL receptor activity following estradiol treatment of

the HepG2 cell line in vitro (Semenkovich and Ostlund 1987), and in liver biopsies

from estrogen-treated males in vivo (Angelin et al. 1992) have been noted. In a

previous cross sectional study we found that postmenopausal women had significantly

less mononuclear cell LDL receptor activity compared to premenopausal women, and
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in postmenopausal women using HRT this difference was negated (Abbey et al.

rgee).

V/hile it appears that estrogen can regulate LDL receptor activity, how this occurs is

not fully understood. This is unlikely to be occurring through the classical pathway of

ERg regulation of gene transcription (Beato, 1989), as the promotor region of the

LDL receptor gene does not contain the currently defined estrogen responsive element

sequence (Streicher et al 1996). However this does not preclude estrogen and ERcr

involvement above the level of direct DNA binding, or regulation could involve one

of the ERp subtypes or be independent of any ER.

Phytoestrogens may also have LDL cholesterol-lowering properties. The

hypocholesterolaemic effect of a soy-rich diet has been suggested to be due in part to

a hepatic LDL receptor stimulating effect (Potter, 1995), which may be due the

phytoestrogenic isoflavones (Kirk et al. 1998). One of the major soy derived

isoflavones genistein, has been shown to down-regulate in vitro LDL receptor activity

by vir.tue of its ability to inhibit tyrosine kinase (Chan et aI. 1997, Graham and Russell

1994). The other major soy isoflavone, daidzein does not appear to have the same

tyrosine kinase effects (Akiyama et aI. 1987), and the effect on LDL receptor activity

has not been reported. The isoflavones biochanin A and formononetin(Figure 3.1)

isolated from chick peas (cicer arietinum) have also been found to have a

hypolipidaemic effect in rats (Siddiqui and Siddiqi 1976).
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Coumestrol, found in clover and alfalfa, displays strong estrogenic activity (Cassidy

1999) and has also been shown to have a hypocholesterolemic effect in the

ovariectomised rat model (Dodge et al. 1996). Dietary supplementation of flaxseed,

which has a high cr-linolenic acid content in addition to being one of the richest

sources of ph¡oestrogenic lignans, has been found to reduce the progression of

atherosclerosis in a hypercholesterolaemic rabbit model (Prasad 1997a). A further

study by Prasad et al. (1998) found that a flaxseed variant with a low n-3 fatty acid

content but rich lignan content, was able to reduce total and LDL cholesterol in a

rabbit model. This suggests that the lignans have the ability to lower LDL levels,

which may account for a significant proportion of the anti-atherogenic effect of

flaxseed.

Hepatic LDL receptor expression is subject to regulation by antioxidants (Pal et al.

1999). As differing estrogens and phytoestrogens have not only differences in their

estrogenicity, but also in their antioxidant activity, any effects on LDL receptor

regulation could be a function of either or both of these mechanisms.

The extent to which different estrogens and phytoestrogens can regulate LDL receptor

activity in vitro has yet to be reported. The aim of this study was to examine the

effects of estrogens and phytoestrogens on the stimulation of LDL receptor activity in

the human hepatoma cell line HepG2 in light of their different levels of reported

antioxidant activity and estrogenicity.
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3.2 Methods

3.2.1 Cell culture

HepG2 cell cultures were maintained as described in section 2.9. Cells were

trypsinised and split into 6-well culture plates (Nunc, Nalge Nunc, IL, USA), and

cultured until approximately 80% confluency was achieved. The cells were then

washed in sterile PBS before treatment for 24 hours with the estrogen or

phytoestrogen to be tested. Phenol red-free DMEM containing charcoal-stripped,

lipoprotein deficient FBS was used during the treatment period to minimise the

presence of any estrogenic compounds. Following the 24 hotx incubation, the

medium was discarded and the cell monolayers were washed with sterile PBS. The

cells were then removed from the cell culture plate by scraping, and gently

resuspended in 0.5 mL of PBS.

3.2.2 Compounds to be lested

Estrone, l7p-estradiol, estriol, cr-tocopherol, biochanin A, genistein and daidzein

were supplied by Sigma (St Louis, MO, USA). Enterolactone and enterodiol were a

gift from Dr Peter Baghurst. Coumestrol and formononetin were supplied by Eastman

Kodak (Rochester, NY) and Indofine (Somerville, NJ) respectively.

3.2.3 Determiníng the effect of estrogens and phytoestrogens on LDL receptor

activity

Cultured HepG2 cells were incubated with the estrogen or phytoestrogen to be tested

for 24 hours in the presence of colloidal gold-labelled LDL. Cellular uptake of

colloidal gold-labelled LDL (prepared as described in section 2.10) was then used to
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determine cellular LDL receptor activity. The protein concentration of the cell

suspension was determined using the method of Lowry (section 2.2), following which

cellular LDL receptor activity was determined as described in section 2.1 1.

3.2.4 Estimøtion of antioxidant actívíty as measured by LDL oxidatíon

LDL isolation and oxidation was performed as described in chapter 2.6 and 2.7,

however the LDL was oxidised in the presence of l¡rM of the phytoestrogen to be

tested. As the stock ph¡oestrogen solutions were made in ethanol, the control

oxidation was performed in the presence of an equivalent amount of ethanol (<10p1).

3.2.5 Determinatìon of L7-þhydroxysteroìd dehydrogenase activity

An experiment was designed to examine the interactions of estrogens and

phytoestrogens with the enzyme responsible for the interconversion of estrone and

estradiol, 17p-hydroxysteroid dehydrogenase (178-HSD). HepG2 cells were

incubated in phenol red-free DMEM with lipoprotein deficient stripped FBS

containing 3nM 3H-estradiol and 30nM l4C-estrone (Amersham Life Science, UK and

NEN Life Science Products, MA, USA), and were treated with 100¡-rM estrone,

estradiol, biochanin A or formononetin for 24 hours.

The media was then collected and cold-spiked with 5 ¡rg of estrone and estradiol. The

steroids were extracted 3 times with ethyl acetate, the extract combined and dried

under a stream of nitrogen and re-dissolved in 500¡rL of ethanol

Estradiol and estrone were separated by high performance liquid chromatography

using a modification of the method of Parinaud et al (1988). Utilising a mobile phase
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of 42.5157.5 acetonitrile/HzO at a flow rate of lml/min, the estrogens \À/ere passed

through a 30 cm Supelco 5pm spherical Cl8 column (Supelco, Sigma-Aldrich, Castle

Hill, VIC, Australia), with UV detection at 210nm. The isolated estrone and estradiol

peaks were collected and specific activity of each steroid peak determined.

3.2.6 StøtisticulAnalysis

Due to inter-assay variability in the control level of LDL receptor activity, in some

cases results are presented as a percentage of the control. In all assays an ethanol

control was also included but this did not differ from the control. Data is presented as

mean + SEM. Statistical analysis was performed with SPSS for Windows statistical

software (SPSS, Chicago, USA) using students t-tests, Mann-Whitney U t-tests, and

one way ANOVA with Tukey's post-hoc analysis.

3.3 Results

3.3.1 Antíoxidønt regulatíon of LDL receptor activíty

Antioxidant regulation of LDL receptor activity was confirmed by incubation of

HepG2 cells with a-tocopherol at concentrations ranging from 0-300¡rM. Significant

increases in LDL receptor activity were noted at concentrations of 100, 150 and

300¡rM cr denotes p<0.01, p denotes p<0.005, (Figure 3.2).
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3.3.2 Estrogens and the reguløtion of HepG2 cell LDL receptor øctívíty

Of the three human estrogens tested, at concentrations of 50pM only 17B-estradiol

was able to cause significant upregulation of LDL receptor activity in HepG2 cells

(Figure 3.3).

Further examination of the two major human estrogens, l78-estradiol and estrone,

revealed fhat at high concentrations (100¡rM) estrone exerted a slight but significant

upregulatory effect on LDL receptor activity (Figure 3.4),6Í at lower concentrations

had did not upregulate LDL receptor activity, and even appeared to slightly depress

LDL receptor activity at concentrations of 0.5pM and 5pM (Figure 3.4). Incubation

of HepG2 cells with increasing concentrations of 178-estradiol resulted in increases in

LDL receptor activity which achieved significance at concentrations above 5prM.

(Figure 3.5).

3.3.3 Phytoestrogens and LDL receplor øctivíty

At concentrations of 50¡rM, the phytoestrogens coumestrol and enterolactone caused

significant upregulation of LDL receptor activity (p<0.05). While the lignan

enterodiol had no significant effects (Figure 3.6). The effect of coumestrol on LDL

receptor activity was of a magnitude comparable to that of l7p-estradiol, and was

even slightly but not significantly greater than that of 17B-estradiol.

The isoflavones daidzein, formononetin and biochanin A all caused significant

upregulation of LDL receptor activity at 40pM (Figure 3.7)
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3.2.4 The øntioxídønt activity of phytoestrogens

At concentrations of lpM, the isoflavones biochanin A and formononetin did not

protect isolated LDL from oxidation. The two major human lignans, enterolactone

and enterodiol did show differences in their antioxidant activity with enterodiol being

a significantly stronger antioxidant at lpM. Coumestrol was the most potent

antioxidant of the phltoestrogens tested displaying a greater than 100% increase in

lag time of LDL oxidation (Table 3.1).

3.2.5 17þhydroxysteroid dehydrogenase activity

In the presence of 100pM l78-estradiol, the percentage conversion of estrone to

estradiol (EI-+82, reductive direction) was 20.4o/o, and in the oxidative direction

(E2-+81) was 27.1%o. In the presence of 100pM estrone, the reductive and oxidative

conversions were 20.9 and 2.6Yo respectively (n:3). Unfortunately the 17p-HSD

activity in the control and phytoestrogen incubations could not be determined due to

low recovery of steroid from the media, suggesting significant metabolism to

hydrophillic metabolites.
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Figure 3.2 The antioxidant regulation of LDL receptor activity in HepG2 cells by a-tocopherol.

Hep G2 cells were incubated for 24 hours with c¿-tocopherol in phenol red-free DMEM + l0o/o charcoal stripped, lipoprotein deficient FBS.

Values are presented as Mean + SEM, n:4. Symbols denote significantly different to control; p<0.01 (a), p<0.005 (B).
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HepG2 cells were incubated for 24 hours in phenol red free DMEM + Iïyo charcoal

stripped, lipoprotein deficient FBS with 50¡rM concentrations of estrone (El), 17þ-17þ-
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Figure 3.4 The ffict of estrone on LDL receptor activity in HepG2 cells

HepG2 cells were incubated for 24 hours in phenol red-free DMEM + lTyo charcoal stripped, lipoprotein-free FBS with increasing

concentrations of estrone in the medium. Results are expressed as percentage of control due to signihcant inter-assay variability. Values

given as Mean + SEM, n>4 (range: 4-I4) for all treatment groups. Statistical analysis was performed using Mann-Whitney U, non-

parametric t-tests. Symbols denote control group significantly different to control; p<0.005 (B), p<0.05 (S).



66

450

c[ p
B

Control 0.005 0.05 0.5 10 25 50 100 200 500

Estradiol concentnation (p M)

Figure 3.5 The ffict of l7þestradiol on LDL receptor activity in HepG2 cells

HepG2 cells were incubated for 24 hours in phenol red-free DMEM + l}yo charcoal stripped, lipoprotein deficient FBS with increasing

concentrations of l7B-Estradiol in the medium. Results ate expressed as a percentage of control due to inter-assay variability. Values given

as Mean + SEM, n>4 (range: 4-19) for all treatment groups. Statistical analysis was performed using Mann-V/hitney U, non-parametric T-

tests. Symbols denote treatment group significantly different to control at levels of p<0.01 (o), p<0.02 (p), p<0.005 (Q), p<0.0001 (ô).
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Figure 3.6 The ffict of 50¡tM enterolactone (Enl), enterodiol (End), coumestrol

(Coum) and I7B-estradiol (82) on LDL receptor activity in HepG2 cells

HepG2 cells were incubated for 24 hours in phenol red-free DMEM + lipoprotein

deficient, charcoal treated FBS with the phytoestrogen to be tested. Values are given as

Mean + SEM, n:3. Statistical analysis was performed using Students t-tests. Symbols

denote significant differences compared to control at levels of p<0.005 (cr) and p<0.001
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Figure 3.7 The ffict of isoflavonoid phytoestrogens on LDL receptor activity in vitro

HepG2 cells were incubated for 24 hours with either 40¡rM of the isoflavone to be tested

in phenol red free DMEM \¡/ith 10% charcoal stripped, lipoprotein deficient FBS. Values

are Mean + SEM, n:4. Symbols denote significantly different to control at levels of
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Phytoestrogen (lpM/ Change in lag time of

LDL oxidation

(% of contro\ ISEM

Biochanin A -4.4 + 0.1

Formononetin _1.3 + 0.5

Coumestrol 107.6 !3.6"

Enterolactone 18.61 4.1

Enterodiol 30.7 !2.6"

Table 3.L The antioxidant activity of selected phytoestrogens

Antioxidant activity was determined by the ability to inhibit Cu2* inititated oxidation of

isolated LDL (as described in Chapter 2.6).Yalues given are mean percentage change in

lag time of oxidation t SEM, n:3, cr denotes p<0.05.
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3.4 Discussion

Antioxidant regulation of LDL receptor activity was illustrated in this study by

demonstration of the upregulatory effect of ct-tocopherol. Pal et al. (1999) reported that

the LDL receptor activity of HepG2 cells could be upregulated by the antioxidant

vitamins, o-tocopherol, p-carotene, retinol and ascorbate, as well as a green tea extract

containing epigallocatechin gallate, and red wine extract. These antioxidants have

different mechanisms of antioxidant action, however Pal (1996) hypothesised that the

LDL regulation could be due to a common effect of antioxidants on inhibition of the

formation of oxysterols within the cell which are known to downregulate LDL receptor

expression (Steinberg et al. 1989). A recent study in rat liver microsomes has found that

o-tocopherol at a concentration of 500pM, has the ability to reduce the activities of

HMG-CoA reductase and 7cr-hydroxylase (Brunet et al 2000). The net result of both of

these actions would be a reduction in cellular cholesterol, which is a potent stimulus for

an increase in LDL receptor activity. In the current study the effect of o-tocopherol on

LDL receptor activity achieved significance at concentrations above l00pM, which is

approximately 5-10 fold higher than would commonly be seen in plasma. This finding

was different to that of Pal (1996) who found that ct-tocopherol caused significant

upregulation of LDL receptor activity at concentrations of 50¡rM, with a return to control

levels of LDL receptor activity at l00pM. The bimodal dose-response may be related to

toxicity, which would not be expected to appear at levels of 100¡rM (Chan and Tran

1990) but may be seen at higher concentrations.
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The results of the current study indicate that the increase in LDL receptor activity at the

cell surface is stimulated to a greater degree by 17p-estradiol than estrone, and at lower

concentrations, it appeared that estrone may even have an inhibitory effect on LDL

receptor activity. The other major human estrogen, estriol, had little effect upon LDL

receptor activity in this cell model. This parallels the ability of these human estrogens to

inhibit LDL oxidation (Shwaery et al. 1998), however in addition to being the stronger

antioxidant, l7p-estradiol also has a greater level of estrogenicity.

Estrogenicity can be measured using a variety of in vitro systems. ln an in vitro pituitary

cell culture system which determined estrogen-stimulated prolactin synthesis, Jordan and

Koch ( 1 989) found 1 7p-estradiol to have a level of estrogenicity 20 times higher than that

of estrone. Fishman and Martucci (1980) examined the relative binding afhnities of

estrone and l7B-estradiol for rat uterine cytosol estrogen receptors and found that estrone

had an affinity that was ll%o of that of l7B-estradiol. The estrogen receptor is unique

among other steroid hormone receptors in that it has the ability to interact with a variety

of non-steroidal compounds. It is commonly thought to act as a dimer, and recent

crystallography studies support this (Tannebaum et al, 1998). The hydrogen bond

interactions between amino acids within the receptor structure and the phenolic hydroxyl

group present on l7B-estradiol play a vital role in the structure and function of the

receptor (Brzozowski et al. 1997). It has been hypothesised that the estrogen receptor can

form a dimer pair with both an estrogen and anti-estrogen interacting with the receptor

(Tannenbaum et al. 1998, Wang et al. 1995)
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In vitro, when examining lipid peroxidation in the absence of cells, estrone is a

significantly weaker antioxidant than 17p-estradiol, with IC56s at least 2-3 fold higher in

transition metal ion and peroxyl radical-generating systems (Subbiah et al. 1993, Lacort

et al. 1995). As can be seen in .frgure 4.1, both l7p-estradiol and estrone share the

characteristic phenolic hydroxyl group at the carbon 3 position, however estradiol has an

additional hydroxyl group atthe 17 carbon. This l7-OH is most likely to account for the

greater antioxidant capacity of l7B-estradiol. As estrone has both lesser antioxidant

activity and lesser affinity for the estrogen receptor, the role of estrogenic and antioxidant

activities in the regulation of HepG2 cell LDl-receptor activity is diffrcult to distinguish.

Incubation of fetal liver cells with estradiol (in a pM range) results ina3-4 fold increase

in cholesterol synthesis, and this is maintained for at least 48 hours of incubation (Carr

and Simpson 1984). If the cholesterol regulation in human fetal hepatocytes is similar to

aHepG2 cell model, then this would suggest that a reduction in HMG CoA reductase is

not the stimulus for the increase in LDL receptor activity seen in the current study. The

concentrations ofestrogens used in both the present study and in those discussed here are

supraphysiological, with normal plasma levels residing in the pmol-nmol range.

Of the phytoestrogens tested, coumestrol appeared to have the greatest effect on LDL

receptor activity, showing marked upregulation at a concentration of 50pM of an equal

magnitude to that displayed by 17B-estradiol. Interestingly, coumestrol is strongly

estrogenic, with an estrogenicity 100 times greater than that of biochanin A (Collins et al.

1997).It is also a more potent ligand for both ERo and ERB than estrone and estriol, and

a more potent ligand than l7B-estradiol for the ERB subtype (Kuiper et al. 1998).
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The ER6¿ subtype is the predominant subtype in the rat liver (Kuiper et al. 1997), but a

recent study has found that HepG2 cells do not express ERa (Harnish et al. 1998). The

HepG2 cell line has in the past been shown to possess estrogen receptors (Tam et al.

1986, Edmunds et al. 1990), and it is possible that genetic drift in the cell line could

explain the lack of ERcr (which is thought to be the major human hepatic ER) noted by

Hamish et al. (1998). However, a recent study of human tissues and human cell lines has

revealed that both human liver and HepG2 cells possess a newly discovered isoform of

human ERB named ERp5 (Moore et al 1998).

In a study in which ER's were transfected into HepG2 cells to examine activation of the

retinoic acid promoter cr-I, it was found that the tamoxifen and raloxifene acted as

agonists through ERp, while estradiol alone had no effect, and blocked the agonist effects

of tamoxifen and raloxifene. Conversely, estradiol acted as an agonist through ERcr. In

both cases, it appeared that the effect was not mediated by the classical receptor/DNA

binding mechanism (Zou et al. 1999). Such findings add a new level of complexity to the

issue of hepatic regulation of gene expression. The different binding afflrnities and tissue

distributions of ER subtypes may help in explaining the effects of selective estrogen

receptor modulators such as tamoxifen and phytoestrogens.

In addition to being strongly estrogenic, coumestrol was found in the present study to be

a markedly stronger antioxidant than the isoflavones, biochanin A and formononetin, and

the lignans, enterolactone and enterodiol, as determined by its ability to inhibit copper-
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initiated LDL oxidation. As for l7B-estradiol, the relative contributions of the estrogenic

and antioxidant activities of coumestrol to its upregulation of the HepG2 cell LDL

receptor are not clear.

Of the two main lignans present in the human biological fluid, enterolactone appears to

have stronger estrogenic activity than enterodiol (Mousavi and Adlercreutz 1992,Wang

et al 1994a, Martin et al 1996). The dietary precursor of mammalian lignans,

secoisolariciresinol-diglycoside, which undergoes conversion by intestinal flora (Setchell

et al 1988), has previously been shown to possess in vitro antioxidant activity (Prasad

1997b). Recently both enterolactone and enterodiol have also been found to act as

antioxidants at concentration of l00pM in an in vitro linoleic acid peroxidation system

(Kitts et al 1999). When the ability of enterolactone and enterodiol to inhibit LDL

oxidation was examined in this study, enterodiol appeared to be the more potent

antioxidant of the two lignans. In the current study, in an estrogen-free medium,

enterolactone significantly increased LDL receptor activity whereas enterodiol did not.

This suggests that in the case of the lignans, LDl-receptor stimulating activity may be

more influenced by estrogenic rather than antioxidant activity.

Both biochanin A and formononetin caused similar increases in LDL receptor activity at

40pM. This is consistent with biochanin A and formononetin being shown to have a

similar level of estrogenicity at 1¡rM (Miksicek 1995). Although both share the phenolic

hydroxyl that has been shown to be a key determinant of estrogen receptor binding

(Grese et al. 1997), they differ structurally by the presence of an additional hydroxyl
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group on the phenolic ring of biochanin A (Figure 3.1). This did not appear to confer

enhanced antioxidant capacity to biochanin A when the ability to inhibit LDL oxidation

was examined in this study. The 4-OH group is the only structural difference between

biochanin A and formononetin, it is possible that this slight difference might influence

the interaction of these compounds with the estrogen receptor (Collins et al. 7997),

however this has yet to be determined by direct comparison.Invivo, biochanin A has a

slightly, but not significantly, greater hypolipidaemic effect in triton-treated albino rats

(Siddiqui and Siddiqi 1976), but in the current study there was no difference between the

effects of these isoflavones on invitro LDL receptor activity'

In this study, the isoflavone daidzein was shown to significantly increase LDL receptor

activity. This is in contrast to the previously reported findings for the other major soy-

derived isoflavone, genistein, which has been shown to decrease LDL receptor activity in

HepG2 cells (Chan et al. 1997). Genistein has greater estrogenic and antioxidant

activities than daidzein (Kuiper et al. 1997, Wang and Goodman 1999) but its

downregulatory effect on the LDL receptor is thought to be due to its ability to inhibit

tyrosine kinase (Chan et al. 7997), a property not shared by daidzein (Akiyama et al.

1987) and to a much lesser extent by its metabolic precursor biochanin A (Gaudette et al

1990) which was found to increase LDL receptor activity in the current study.

The isoflavones diadzein, biochanin A and formononetin, were found to upregulate LDL

receptor activity in the current study, and this provides further evidence to support the

hypothesis that the hypocholesterolaemic effect of soy is mediated partly by isoflavones
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through LDL receptor regulation (Kirk et al. 1998, Anthony et al. 1997). However, Baum

et al. (1998) found that while soy supplementation of both moderate and high isoflavone

content increased mononuclear cell LDL receptor mRNA in postmenopausal women,

there was no significant difference between the results seen for the two different

isoflavone contents. While the phytoestrogen concentrations used in the current study

may be supraphysiological, little is known of the tissue disposition of phytoesttogens.

Levels of genistein in the 2¡t}y'rrange have been reported in plasma (Setchell 1998), while

plasma levels of enterolactone and enterodiol in Australian postmenopausal women have

been reported to be up to 1pM (Morton et al 1994) following linseed ingestion. It appears

that genistein undergoes enterohepatic circulation (Barnes et al 1996), but the levels

achieved in hepatic or intestinal tissues have yet to be reported. It has been estimated that

in a person consuming 50g flaxseed, the lignan content of the colonic contents may reach

666¡tly'r, but again the concentrations reached at the hepatic level are not known (Kitts et

al 1999).

The previously demonstrated ability of l7p-estradiol to bring about an increase in LDL

receptor activity of HepG2 cells was confirmed in the current study. However, estrone

was not shown to cause upregulation of LDL receptor activity, even though its

estrogenicity is greater than many of the phytoestrogens examined. Tchernof et al. (1995)

found that estrone levels were approximately 3-fold higher than estradiol levels in men,

and that estrone was higher in obese compared to lean men. Estrogens can be modif,red in

peripheral tissues by 17-B-hydroxysteroid dehydrogenase (l7B-HSD) also known as 17-

B-hydroxysteroid oxido-reductase, which converts estrone to estradiol and vice-versa
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(Labrie et al. 1997) allowing estrogen sensitive tissues to alter the hormones at an

intracellular level. In this study, the formation of estradiol from estrone was prominent,

and persisted even in the presence of large amounts of estradiol. It is possible that HepG2

cells are modifying their estrogenic environment such that the level of bioactivity is

enhanced. This is similar to the effect noted by Bayard et al. (1995) in cultured rat aortic

smooth muscle cells.

In the current study, the HepG2 cells were examined in a medium in which the presence

of estrogenic compounds was minimised to isolate the effects of the compound to be

tested. However in vivo, there is likely to be significant interaction between

phytoestrogens and estrogens. The administration of grapefruit juice which contains high

levels of the phytoestrogen naringenin to ovariectomised women has shown that the

metabolism of estrogens can be altered (Schubert et al. 1994). Phytoestrogens have been

reported to influence the activity of l7-BHSD (Mäkelä et al. 1995) as well as the enzyme

aromatase which converts androgens to estrogens (Wang et al. 1994a), and these effects

could significantly alter the amounts of estrone and l7B-estradiol in vivo. In addition,

physical interactions of endogenous estrogens with the estrogen receptor may be affected

by the presence of phytoestrogens (Collins etal.1997).

Thus, although there is a great deal of evidence to implicate estrogenic compounds in

hepatic regulation of LDL receptor expression, whether this involves the binding to

hepatic estrogen receptors (either ERo or ERP), or via another mechanism (possibly

involving antioxidant activity) has yet to be determined. However evidence is emerging
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that ERB may be involved in the hepatic 'estrogenìc' activity of tamoxifen (Zou et al

lggg), and both human liver and HepG2 cells have been shown to possess the ERB5

isoform. As new studies are elucidating the behaviour of estrogens and selective estrogen

receptor modulators in their interactions with different ER types (Paige et al. 1999), there

should be an opportunity to gain further insight into the relative influence of estrogenic

activity in regulating LDL receptor activity.

Differences in binding affinity of estrogens and selective estrogen modulators such as

phytoestrogens for ERB, bears similarity to the results seen in the current study. In this

study coumestrol was able to upregulate LDL receptor activity to an equal (or even

slightly greater) extent compared with l7p-estradiol and others have shown that

coumestrol is significantly estrogenic having greater affTnity for ERB than 17B-estradiol

itself. However as demonstrated in this study, coumestrol is also a potent antioxidant and

the contribution of these effects to the upregulation of LDL receptor activity cannot be

determined. Daidzein also has the ability to upregulate LDL receptor activity which may

partly account for the hypocholesterolaemic effect of soy (Anderson et al. 1995).

Comparison of the effects of enterolactone and enterodiol, suggests that estrogenicity

plays a role in the in vitro upregulation of the LDL receptor activity by the two lignans.

The mechanisms by which estrogenic compounds regulate LDL receptor activity is still

not known, but is unlikely to be via the classical steroid receptor pathway as the LDL

receptor gene promotor does not possess the estrogen response element (Croston et al.

1997, Streicher et al. 1996). Similarly, the mechanism by which antioxidants regulate
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LDL receptor activity has not been elucidated (Pal et al. 1996), but the compounds which

increased LDL receptor activity in the current study tended to display both estrogenic and

antioxidant activities. This study highlights the complex issues relating to the relative

contributions of estrogenicity and antioxidant activity in regulation of LDL receptor

activity.



80

CHAPTER 4

The effect of Hormone Replacement Therapy on Plasma Lipids,

Lipoproteins and LDL oxidation



81

4.1 Introduction

Post menopausal hormone replacement is often associated with a reduction in total and

LDL cholesterol and an elevation in HDL cholesterol, and in the case of oral

unopposed estrogen also an increase in triglyceríde (Chapter 1.6.2). There is evidence

to suggest that the elevation in HDL is a result of an increase in production of apo A-I

(Walsh et al. 1994, Brinton 1996). The decrease in LDL is thought to be a result of

enhanced LDL catabolism, at least partly through an increase in LDL receptor activity

(Angelin et al. 1992). However Colvin (1996) also found that LDL receptor

independent catabolism was enhanced following estradiol treatment in rabbits. While

progesterone is an inhibitor of cholesterol esterif,rcation through acyl : cholesterol

acyltransferase (ACAT) and can therefore modulate free cholesterol in the cell, a study

of LDL metabolism in a human monocyte cell line found no change in receptor

mediated LDL binding following treatment with progesterone (Huang etal.1997).

Levels of mononuclear cell LDL receptor activity and mRNA have been shown to be

parallel to liver LDL receptor activity and mRNA levels (Roach et al. 1993, Powell and

Kroon 1994), supporting the use of mononuclear cells as an indicator of hepatic LDL

receptor activity. In a previous cross-sectional study, we found that postmenopausal

women not using HRT had lower mononuclear cell LDL receptor activity than

postmenopausal women using HRT or premenopausal women (Abbey et al 1999). The

direct effect of HRT on LDL receptor activity has not been reported.

Changes to plasma LDL and HDL cholesterol levels have been estimated to account for

25-50% of the cardioprotective effect of estrogen (Barrett-Connor and Bush 1991). The
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remaining 50-75% of this cardioprotective effect has yet to be apportioned, but may

include the ability to protect LDL from oxidation.

LDL oxidation is considered to be an important underlying event in atherogenesis.

While estrogen has a well-established ability to act as an antioxidant in vitro and has

been shown to regenerate tocopherol from the tocopheroxyl radical (Mukai et al. 1990),

and the effect of HRT on LDL oxidation ex vivo is inconsistent. Some researchers have

found HRT to afford protection to LDL against oxidation (V/akasuki et al. 1998), while

others have not seen any protective effect (McManus et al. 1997).

Oxidisability of LDL has been shown to be influenced by LDL particle size, with

smaller denser LDL demonstrating shorter lag times (Chait et al. 1993). Smaller LDL

particles have been found to be more prevalent in postmenopausal women compared to

premenopausal women (Campos et al. 1988), however postmenopausal HRT has also

been shown to result in a shift toward smaller LDL particle size (van der Mooren et al.

1994). Small LDL particles may also have reduced affinity for the LDL receptor

Q.{igon et al. 1991, Rajman et al. 1994). The increased residence time as a result of

lower uptake by the LDL receptor may enhance oxidative susceptibility by increasing

the age (i.e. time in circulation) of the lipoproteins (V/alzem et al. 1995) in addition to

any increases in oxidative susceptibility to due increased lipoprotein density. These

hypothesised mechanisms for the increased atherogenicity of small LDL particles are

supported by evidence suggesting associations between small LDL size and coronary

artery disease (Campos et al. 1992).
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The current study was designed to examine the effect of HRT on plasma lipoproteins,

LDL oxidation and other CVD risk factors. Our previous cross-sectional study was the

first to indicate that HRT might influence LDL receptor activity. In this study we aimed

to further examine this effect with the power conferred by the longitudinal nature of the

study design. In light of the conflicting findings regarding HRT and LDL oxidation,

this study also aimed to include an examination of confounding factors which might

mask the effect of HRT on LDL oxidation.
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4.2 Methods

4.2.1 Study Subjects and Design

Ethical approval for the study was gained from the Ethics Committees of CSIRO

Human Nutrition, the University of Adelaide, and the Royal Adelaide Hospital.

Informed consent was gained from all subjects prior to their participation in the study.

Subjects for the study were recruited by public advertisement and through a

gynaecologist at the Women's Health Centre of the Royal Adelaide Hospital. Vy'omen

who had been post-menopausal for a period of at least one year, determined by an

absence of menstrual bleeding for one year or a follicle stimulating hormone level

above 30 IU/I, were eligible for the study. Subjects were excluded if they were taking

any medication that was known to influence lipid metabolism, including lipid lowering

drugs and tþroid hormones. Study subjects were asked to cease taking antioxidant and

oil supplements for 4 weeks prior to and during the course of the study.

For those women not using HRT for the duration of the study, two blood samples were

taken separated by a period of three months designated as Visit 1 (V1) and Visit 2 (V2)

in chronological order. Those commencing HRT (either oral conjugated equine

estrogen or transdermal estrogen, and oral progestin) as prescribed by their doctor, had

a blood sample taken immediately prior to commencing HRT, this sample was termed

Visit I (Vl). The second sample, termed Visit 2 (V2), was then taken 3 months later

during the period of expected lowest progestin concentration. Subject characteristics

are shown in Table 4.I,B}y'rI was calculated as weight in kg / (height in m)2.
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AGE

(year)

BMI

(kg/m2)

Control 56.7 ! 1.5 27 .5 ! 1.3

HRT 53.22 ! 1.9 26.2 + 1.5

Oral HRT 55.2 !3.0 26.9 r2.6

Transdermql HRT 50.75 ! 1.7 25.4 ! 1.6

Table 4.1 Subject characteristics

Two groups of postmenopausal women were recruited for the study. The control group

(those not using HRT throughout the study, n:12) did not differ significantly in age or

BMI to the group of women who commenced HRT (n:12). 'Women in the HRT group

could be divided into those starting oral HRT (n:7) and those starting transdermal HRT

(n:5), and when this was done transdermal HRT users were slightly, but not quite

signifi cantly, younger than controls (p:0'05 1 ).
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4.2.2 Mononuclear cell sample preparation

Whole blood was collected into four 9ml evacuated tubes containing lmg/ml EDTA.

Plasma was immediately isolated as described in Chapter 2.2, aliquoted into microtubes

and frozen at -80oC. Mononuclear cells were then isolated from the sample. The buffy

coat was removed from all four tubes in the smallest volume possible and combined. It

was then made up to 10ml with PBS containing EDTA (137mM NaCl, 101mM KCl,

3mM NazHPO¿, 2mM KHzPO¿ with the addition of lmM EDTA) and 5 ml of the

diluted buffy coat was then layered onto 5 ml of lymphocyte separation media (Ficoll-

Paque, Pharmacia, Uppsala, Sweden), and centrifuged at 400 x g for one hour. This

resulted in collection of the mononuclear cells at the supernatant I Ficoll-Paque

interface. The supernatant was removed down to the cell layer, and the cell layer was

collected. The cells were pooled and washed twice in EDTA-containing PBS, (the

washing procedure consisted of resuspension of the cells in 10ml of EDTA-PBS

followed by pelleting of the cells by centrifugation for 10 minutes at 400 x g and

removal of the supernatant). The cells were fixed by incubation for l0 minutes with

10ml of l%o paraformadehyde in PBS and pelleted by centrifugation at 200 x g. The

cells were then washed twice in normal PBS, before being resuspended in 0.5m1 of

PBS and stored at -80oC.

4.2.3 Measurement of Plasma Lipitls

Plasma samples stored at -80oC were thawed, mixed by gentle inversion and the fibrin

pelleted by centrifugation as described in Chapter 2.2. The concentration of plasma

total cholesterol, HDL cholesterol, triglyceride and LDL cholesterol were determined

as described in Chapter 2.4. Lp(a) concentration was measured as described in Chapter

2.5.
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4.2.4 LDL Oxidutíon and TBARS measurement

LDL isolation and oxidation was performed as described in Chapter 2.6 and oxidised in

the presence of Cu2*with continuous monitoring at 234nrn for a period of 3 hours.

Oxidations were performed in duplicate with both samples for each subject in the same

assay and a blank (LDL without the addition of Cu2*) included for each sample.

TBARS was measured in un-oxidised LDL and also in the diluted LDL samples after

oxidation (Chapter 2.7).

4.2.5 Determination of Plasma Antioxidants by HPLC

The plasma concentration of c¿-tocopherol, B-carotene and retinol was determined using

a method as described by Yang and Lee (1987).

cr-Tocopherol acetate was used as an internal standard. Standards (Retinol, cr-

tocopherol and trans B-carotene) were prepared in glass tubes then dried under a stream

of nitrogen, before storage at -80oC. Before use, the standards were reconstituted in

mobile phase, which consisted of 22% methanol, 55% acetonitrile, ll.syo

dichloromethane, I I .5% hexane and 0.01o/o ammonium acetate.

Throughout the procedure, thawed plasma samples were stored on ice while not in use,

and all work was performed in dim light. Antioxidants were extracted from plasma by

vortexing the plasma sample with ethanol, internal standard and hexane. Following

precipitation of plasma protein by centrifugation at 3000 rpm, the hexane layer was

removed and evaporated to dryness under nitrogen. This was redissolved in mobile

phase before injection. The assay utilised a Supelcosil LC-l8,25cm x 4mm column,
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and a UV/VIS detector. Detection wavelengths were 325nm for retinol, 292nn for a-

tocopherol and 450nm for B-carotene.

4.2.6 Determínalíon of LDL Particle Size

Total lipoproteins were isolated from plasma by ultracentrifugation. Thawed plasma

(0.5m1) was adjusted to dl .21 glml with KBr and overlayed with a density solution of

dI.2l g/ml in Beckman llx32 mm PA-Quickseal centrifuge tubes. These were then

spun in a 120.2 rotor using a Beckman benchtop Optima TlX-Ultracentrifuge

(Beckman Instruments, California, USA) at 120 K rpm for a period of 6.5 hours at 4oC.

The lipoprotein-rich fraction contained within the top third of the tube was collected.

The lipoprotein fractions were then subject to polyacrylamide gel electrophoresis in 2-

16%o gradient gels (Supplied by Dr Keny-Anne Rye, Royal Adelaide Hospital, SA,

Australia). Gels were run in a Tris-Borate buffer (80mM Boric Acid, 3 mM EDTA,

90mM Tris, 3mM NaN¡) at 200mV for period of 20 hours. Latex beads were run to test

gel concavity, and size was determined from high molecular weight standards

(Pharmacia). The gels were fixed in 10% sulphosalicylic acid, stained with Coomassie

Blue stain (0,4% w/v Coomassie Blue G and 3.S%oPerchloric Acid), and then destained

using 5o/o acetic acid.

The gels were scanned with an Ultroscan XL Laser Densitometer (LKB, Sweden).

4.2.7 Pløsmø Homocysteíne Determínatíon by HPLC

Plasma homocysteine was measured based on the methods described by Vester and

Rasmussen (1991), and Dudman et al (1996), using mercaptopropionyl glycine as an
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internal standard. Briefly, homocysteine standards added to pooled plasma and the

plasma samples to be measured, were derivatized by the addition of tri-n-

butylphosphine (TBP) in dimethylformamide (DMF). Protein was removed from the

plasma following incubation with perchloric acid and centrifugation. The supernatant

was then incubated at 60oC for t hour with ammonium 7-fluorobenzo-2 oxa-1,3-iazole-

4-sulphonic acid (SBD-F) to allow formation of a fluorescent homocysteine-SBD

derivative which was passed through a 25cm Spherisorb C18 column and measured

with fluorescence detection (emission at 515nm and excitation at 385nm).

4.2.8 Plasma Føtty Acid Measurement

Plasma fatty acid composition was determined by gas chromatography (GC) using

O.5mg/ml triheptadecanoate as an internal standard. Lipids were extracted from a 100¡rl

plasma sample in lml methanol and2ml chloroform by being vigorously shaken for 30

seconds. Protein was pelleted from the samples by mixing with 0.1M HCI and then

centrifugation, and the lipid-containing chloroform layer was then removed. The

chloroform layer was then evaporated undeÍ vacuum and metþl esters of the fatty

acids were prepared by incubation with 1.5 ml of l%o HzSO+ (in dry methanol) at 100oC

for 45 minutes.

The methyl esters were thrice extracted in 5ml of petroleum spirit, evaporated to

dryness under a stream of nitrogen and then redissolved in 1.5 ml of hexane. The

hexane passed over columns containing Florisil (Sigma, Australia). Methyl esters were

eluted with 10% diethyl ether in hexane and then evaporated to dryness under nitrogen.

The metþl esters were dissolved in 50 ¡rl of isooctane and then injected onto the GC.
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The GC was a Hewlett-Packard 5711, using a 30m x 0.53mm bonded phase vitreous

silica column, carrier gas hydrogen, make-up gas nitrogen, and a temperature program

incrementing from 130oC to 230oC at 8oC/min. The ratio of peak area of fatty acids:

internal standard was used to calculate the fatty acid content of plasma, expressed as

percentage oftotal fatty acids.

4.2.9 LDL-Receptor Aclívìty in Isolated Mononuclear Cells

Mononuclear cells were thawed by incubation in a water bath at 37oC. The

measurement of cellular LDl-receptor activity was performed as described in Chapter

2.10. Briefly, cellular protein concentration was determined and then the cells were

incubated with colloidal gold-labelled LDL. Both non-specihc and total LDL-gold

binding was measured and the specific LDl-receptor activity calculated.

4.2.10 Data Anølysis

Unless otherwise stated, data is presented as Mean + SEM. Statistical analysis was

performed using the SPSS for windows statistical package (SPSS, Chicago, USA).

Data was analysed utilising paired and unpaired t-tests for comparisons within and

between groups respectively, except in the case of Lp(a). Lp(a) data was examined

using Mann V/hitney U tests. Multiple regression analysis with stepwise introduction of

variables was used to examine the relationship between lag time of LDL oxidation and

plasma antioxidant concentrations. Analysis of covariance (ANCOVA) was used to

determine the independent effect of HRT on LDL oxidation lag time.
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4.3 Results

4.3.1 The effect of hormone replacement therapy on plasma lipoproteìns

Baseline subject characteristics are shown in Table 4.1 . During the study there were no

significant changes in BMI in either the control or HRT groups (data not shown), which

may have influenced the lipid results. In the control group, there were no significant

changes in total, LDL or HDL cholesterol or triglyceride over the period of three

months (Tables 4.2, Table 4.3). Three months of combined HRT (estrogen plus

progestin) resulted in a 9%o reduction in LDL cholesterol which was also reflected in a

6% reduction in total cholesterol (Tabte 4.2).Whenthe HRT group was subdivided into

those using oral and transdermal therapy, the significance of the reductions in total and

LDL cholesterol (6Yo and 7o/o respectively) was lost for the oral group, while being

maintained in the transdermal group (7o/o and l3Yo reductions respectively). There were

no significant changes in HDL cholesterol (or the HDL¡ and HDLz subfractions) or

triglyceride concentrations noted with HRT (Table 4'3)'

Women who did not take HRT for the duration of the study (control group) had slightly

higher Lp(a) levels at baseline than those taking HRT but this difference was not

significant. Hormone replacement therapy for a period of three months significantly

reduced Lp(a) levels in postmenopausal women, while in the control group there was

no change (Table 4.4).

LDL particle size was not significantly altered by HRT, although a slight but not

significant reduction was noted in those using oral HRT (p:0.093) (Figure 4'1).lnthe

current study LDL size was not significantly correlated with triglyceride, but was
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significantly positively correlated with total HDL cholesterol, (12:0.33, p:0.02) for all

subjects combined. When one woman who had an HDL cholesterol level four standard

deviations higher than the mean was excluded from the conelation, the strength of the

correlation increased (f :0.43,p<0.003).

Hormone replacement therapy had no effect on mononuclear LDL receptor activity as

measured by binding of colloidal gold labelled LDL (Figure 4.2).ln addition there was

no relationship between the change in LDL cholesterol associated with HRT, and the

change in LDL receptor activity (Figure 4.3).



Totøl cho lestero I (mmol/l) Total triglyceride (mmo I/l)

5.84 + 0.37 5.79 + 0.30 t.47 t0.t6 1.34 r 0.13

5.92 + 0.25 5.54 ! 0.20 " t.68 !0.22 1.65 r 0.18

6.t7 !0.35 5.81 r 0.28 1.98 r 0.34 1.80 r 0.27

5.57 x0.32 5.17 :t0.22" 1.26 + 0.09 1.46 r 0.18

v2v2v1v2V1

93

LDL cholesterol (mmol/l)

V1

3.53 + 0.41 3.56 t 0.30

3.54 t0.23 3.22 ! 0.2r "

3.% r0.24 3.66 !0.17

2.99 !0.33 2.59 X0.25"

Control

HRT

Oral HRT

Transdermal HRT

Table 4.2 The effect of hormone replacement on plasma cholesterol, triglyceride and LDL cholesterol.

Blood samples were taken immediately before (Vl) and 3 months after (Y2),the commencement of hormone replacement therapy. In the

case of controls, blood samples were taken separated by a period of 3 months. For both the control and HRT groups, n:12, (however the

HRT group could be separated into oral HRT (rr7),and transdermal HRT (n:5)). Values are Mean t SEM. o denotes significantly different

to Vl, p<0.05.
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HD L r c h o les tero I (mmo Ul) HD L z c h o lestero I (mmo l/l) HDL¡ cholesterol (mmoUl)

V1 vl

Control 1.6410.15 r.63 !0.t2 0.46 x0.07 0.41 + 0.05 1.19 + 0.09 t.23 t0.07

HRT 1.63 r 0.16 1.58 + 0.17 0.48 r 0.09 0.48 r 0.11 1.15 t 0.08 1.10 + 0.08

Oral HRT 1.35 r 0.13 1.34 r 0.13 0.30 r 0.05 0.27 !0.04 1.05 r 0.10 1.06 + 0.12

Transdermal HRT 2.02 + 0.26 1.93 + 0.31 0.73 + 0.16 0.77 !0.19 1.29 t0.12 1.16 + 0.12

Table 4.3 The ffict of hormone replacement therapy on HDL cholesterol levels.

Blood samples were taken immediately prior to, and 3 months after commencement of HRT. In the case of controls not starting HRT,

samples were taken 3 months apart. The numbers in the control and HRT groups were n:12, the HRT group could be subdivided into those

using oral HRT (n:7) and transdermal HRT (n:5). HDL1 (total HDL) and HDL3 cholesterol was measured following Dextralip-MgCl2

precipitation on an automated analyser. Values are Mean + SEM.

v2v2v2v1
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Lipoprotein(ø) mg/dl

VI V2

Control
25.7

(0-8e)

29.3

(0-1 10)

HRT
9.r

(0-s3.8)

4.r u

(0-s4.3)

Oral HRT 9.5

(0-34)

4

(0-37.8)

Transdermal HRT 8.7

(0-s3.8)

4.2

(0-37.8)

Table 4.4 The effect of hormone replacement on Lp(a)

Plasma Lp(a) levels were measured by an ELISA in women immediately before and 3

months after commencement of hormone replacement therapy (n:I2), and in controls

from whom samples were taken separated by a period of 3 months (n:12). The HRT

group could be subdivided into oral and transdermal therapies (n:7 and n:5

respectively). Lp(a) displays a skewed distribution the population and values are

therefore given as median and (range).

" denotes signihcant difference between Vl and V2 plasma Lp(a).
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Figure 4.1 The effect of hormone replacement on LDL particle size.

LDL particle size was determined following lipoprotein isolation and gel

electrophoresis from samples taken just prior to and 3 months after commencement of

hormone replacement therapy. Control samples were taken three months apart in

women who did not start HRT. Numbers in the control and HRT groups were n:12 for

both groups, however when the HRT groups was subdivided into those taking oral

hormone replacement and those using transdermal HRT, numbers were n:7 and n:5

respectively. Values are Mean t SEM.



97

tr CONTROL

øHRT

V1 v2

Figure 4.2 The ffict of hormone replacement therapy on mononuclear cell LDL

receptor activity in postmenopausal women

LDL receptor activity was determined by the binding of colloidal gold-labelled LDL to

mononuclear cells. The cells were isolated from blood samples taken immediately prior

to, and three months after, the commencement of hormone replacement therapy (HRT),

and over the same time period in a control group of women who did not take HRT. No

signif,rcant difference in LDL receptor activity was detected following three months of

HRT.
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Figure 4.3 The relationship between change in LDL cholesterol and LDL receptor

activity with HRT

LDL cholesterol was calculated using the Friedewald equation, and the LDL receptor

activity of isolated mononuclear cells was determined by measuring the cellular

binding of colloidal gold labelled LDL. The change in LDL cholesterol associated with

three months of HRT was not related to LDL receptor activity.
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4.3.2 The effect of hormone repløcement therøpy on LDL oxidisability

In both the control and HRT groups there were no significant changes in lag time, rate,

or maximum diene concentration of LDL oxidation over the 3 month period, when

isolated LDL was subject to Cu2* mediated oxidation (Table 4.5).

There were no signihcant changes in the concentrations of the lipid soluble plasma

antioxidants a-tocopherol, p-carotene and retinol in either the control or HRT groups

during the course of the study (Table 4. d). Nor were there any differences in plasma

fatty acid content (Table 4.1. The lack of any difference between groups, or over time,

in the plasma antioxidants and fatty acids was reflected in the lack of any difference in

lag time or rate of LDL oxidation. Lag time of LDL oxidation was significantly

correlated with u-tocopherol (p<0.001) and B-carotene (p<0.05) concentrations,

however multiple regression analysis revealed that only a-tocopherol was

independently corelated to lag (p<0.00I) (Figure 4.4). LDL oxidation rate was

significantly correlated to a-tocopherol (p<0.05) and retinol (p<0.05) by not B-

carotene. There was no correlation between LDL size and either lag or rate of oxidation

noted in this study.

The LDL TBARS concentration after oxidation (an estimate of malondialdehyde

concentration) was also unaffected by HRT use (Figure 4.5). The level of TBARS in

unoxidised LDL was not altered by HRT, with mean levels of 0.16 + 0.03 and 0.18 +

0.03 nmol/mg LDL protein, before and 3 months after the commencement of HRT

respectively.



Lag time

(min)

Rate of oxidation

(nmol diene/mg L D L/min)

vl V2

100

Maximum diene co ncentration

(nmol diene/mg LDL protein)

v1 v2 v2V1

Control s7.9 x3.69 59.01 + 5.43 10.55 r 0.5 10.79 t0.37 360.62 + 8.19 345.34 + 14.99

HRT 58.25 + 3.70 56.33 + 3.03 10.54 r 0.63 10.6 r 0.60 349.34 + 12.42 334.11 f 13.61

Oral HRT 57.8813.53 58.88 r 4.67 10.07 r 0.86 9.87 t 0.87 325.25 ! 15.94 304.92 x 13.49

Transdermal HRT 58.69 t7.52 53.28 !3.67 I 1.10 r 0.97 11.49 !0.70 378.24 + 9.18 367 .t5 + 13.55

Table 4.5 The effect of hormone replacement on LDL oxidation parameters

LDL was isolated from plasma samples taken immediately prior to and 3 months after HRT had been commenced (n:11), and from a

control group of women not taking hormone replacement (n:12). The isolated LDL was dialysed and then oxidised by that addition of 5¡rM

Cu2*. The Cu2* mediated LDL oxidation was monitored using spectrophotometric detection at234nm.
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Retinol (Fe/ml) a-Tocopherol (pg/ml) þCarotene (FS/ml)

V1 v2 v1 v2

Control 0.704 r 0.021 0.7571 0.052 17.772 t 1.337 18.886 12.220 0.605 t 0.136 0.721+ 0.148

HRT 0.690+0.035 0.673+0.047 18.700r 1.990 15940t1.302 0.808 t0.243 0.170 t0.189

Oral HRT 0.721 10.055 0.716 + 0.080 18.486 !2.528 16.960 !2.045 0.796 !0.445 0.787 !0.339

Transdermal HRT 0.65410.038 0.623 x0.032 t8.957 !3.457 14.116 ! 1.537 0.822 !0.167 0.75010.153

Table 4.6 Pløsma concentrations of the tipid soluble antioxidants a-tocopherol, þcarotene ønd retinol

Plasma antioxidants were measured by HPLC using the method of Yang and Lee (1937). Concentrations of retinol, ü-tocopherol and B-

carotene did not differ significantly in either the control or HRT groups during the study.
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Figure 4.4 The relationships between plasmø antioxídants ønd lag tíme of LDL oxidation

The plasma antioxidants o-tocopherol, P-carotene and retinol, were measured by HPLC using the method of Yang and Lee (19S7). Cu2*-

mediated oxidation of isolated LDL was monitored spectrophotometrically by detection of conjugated dienes at234nm- Multiple regression

analysis revealed that of the lipid soluble antioxidants, only a-tocopherol was independently correlated to lag time of LDL oxidation
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Control

v1

v2

HRT

v1

14:0 16:0 16:1 n-9 18:0

0.92 + 23.11 + 2.38 + t2.35+ 26.99+ 28.65+ 0.12+

0.10 0.41 0.21 0.6s 4.92 t.26 0.12

0.89 + 23.35 + 2.28 + 72.27+ 25.63+ 28.78+ 0:ß

0.08 0.57 0.42 0.93 s.32 2.04

1.62+ 26.62+ 3.27 + t3.ll + 27.56+ 22.77 + 0.26+

0.09 0.76 0.42 0.70 0.29 t.2t 0.11

103

18:1 18:2 n-6 18:3 n-3 20:3 n-6 20:4 20-222n-3

1.06 + 4.28 + 0.15 +

0.16 0.82 0.15

0.97 + 4.66+ 1.17 +

0.13 0.91 1.03

1.07 + 3.39 + 0.18 +

0.17 0.53 0.132

3.71+ 0.25 +

0.10

v2 1.33 + 25.7 + 3.42+ I I .82.+ 30.77 + 21.72 + 0.25 + 1.03 +

0.13 1.02 0.39 0.82 2.19 1.43 0.1 0.20 0.24

Table 4.7 Plasmafatty acid content

Plasma fatty acids were determined using gas chromatography. Peak areas of fatty acids were converted to a ratio relative to intemal

standard and then expressed as aYo of total plasma fatty acids. There were no significant changes in plasma fatty acids in any group.
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Figure 4.5 The ffict of HRT on LDL TBARS content afier Cu2* mediated LDL

oxidation

Thiobarbituric acid reactive substances (TBARS) were measured in isolated LDt

before and after being subjected to Cu2* mediated oxidation. TBARS did not differ

significantly after treatment for 3 months withHRT inpostmenopausal women.

Values given as Mean + SEM, n:10 for control group and n:l1 for women treated

with HRT.
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4.3.3 The effect of hormone replacement therøpy on pløsma homocysteine

Baseline levels of plasma homocysteine were 7.08 + 0.53¡rmol/l for the control group

and7.67 + 0.57pmol/1 for the group of women commencing HRT. These levels did not

change significantly in either group over the three month study period (Figure 4.6).
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Figure 4.6 The ffict of hormone replacement therapy

concentration in postmenopausal women

on homocysteine

Plasma homocysteine was measured in samples taken before and 3 months after

commencement of hormone therapy (n:13), and in a control group who did not

commence hormone therapy (n:13). The HRT group consisted of women using both

transdermal and oral therapies, but these did not differ from the overall HRT values and

are not presented. Values are given as mean I SEM.
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4.4 Discussion

The findings of the current study support those of previous studies in finding a

reduction in LDL cholesterol with estrogen + progestin HRT (Ulloa et al 1998,

Taskinen et al1996, Mattson et al 1993), also noted in the large multi-centre, placebo-

controlled PEPI Trial in 1995 (The Writing Group for the PEPI Trial). This reduction in

LDL cholesterol was reflected in a similar reduction in total cholesterol in this group of

mildly hypercholesterolemic postmenopausal women, however no change was noted in

mononuclear cell LDL receptor activity. Due to the hrst-pass effect seen with oral

estrogen, the effects of oral and transdermal HRT on hepatic LDL metabolism may be

slightly different, but due to difficulties with recruitment the numbers in the current

study were insufficient for such discrimination.

High dose ethinyl estradiol therapy in animal models has been shown to result in a

reduction in plasma cholesterol concomitant with an increase in hepatic LDL receptor

levels (Ma et al 1986). In addition, exposure to relatively high concentrations of

estradiol (37¡rM) has been found to increase LDL receptor activity in vitro in the

hepatocarcinoma-derived cell line, HepG2 (Semenkovich and Ostlund 1987). In vivo,

in two men being treated with estrogen (of unreported type or dose) for prostate cancer,

a higher hepatic LDL receptor activity was noted compared to prostate cancer-free age-

matched controls (Angelin et al 1992). However in that study, the effect of disease state

on hepatic LDL receptor activity cannot be accounted for. In an earlier cross-sectional

study performed by this laboratory, it was found that postmenopausal women not using

HRT had a lower level of LDL receptor activity than those using HRT (Abbey et al

1999). To our knowledge the current study is the first to directly examine the effect of

HRT on LDL receptor activity in postmenopausal women.
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Despite the lack of change in LDL receptor activity in the current study, there was still

a reduction in LDL cholesterol noted in the HRT group. In a recent study examining

the fractional catabolic rate of native and methylated LDL in a rabbit model, it was

found that estrogen treatment promoted LDL receptor-independent catabolism of LDL

(Colvin 1996). The exact pathways of LDL receptor independent catabolism are as yet

not known, but may include pinocytosis and absorptive endocytosis (Shepard and

Packard 1986). In addition, how and if they are regulated by estrogen is not known. In a

study examining oral estrogen and progestogen therapy in postmenopausal women, it

was noted that there was both a decrease in the cholesterol : apolipoprotein B ratio of

LDL and an increase in the fractional catabolic rate of LDL apolipoprotein B (Wolfe

and Huff 1995), suggesting that female hormones are having multiple effects on the

regulation of LDL metabolism. In HepG2 cell lines into which the LDL receptor

promoter and various combinations of estrogen receptor, androgen receptor and

progesterone receptor had been transfected, progestins were found to antagonise the

upregulatory effects of estrogen through their ability to interact with the androgen

receptor, while having no effect on the LDL receptor transcription alone (Croston et al

1997). Although there are obviously many shortcomings in applying this co-transfected

cell model to an in vlvo situation, it raises the possibility that the progestin component

of HRT could be antagonising the LDL receptor-stimulating effect of the estrogenic

HRT component. The current findings also raise questions as to whether mononuclear

cell LDL receptor status will reflect hepatic LDL receptor status with estrogen

treatment, as has been shown for HMG CoA reductase inhibitor treatment (Roach et al

1993). This question cannot be answered directly, as estrogen receptor function and

tissue distribution is not fully understood. Mononuclear cells are estrogen sensitive
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(Hayashi et al 1998), but whether the effect of estrogen treatment on LDL receptor

expression is similar for both cell types has yet to be established.

Another possible explanation for the reduction of LDL cholesterol without a

corresponding increase in LDL receptor activity is that there may have been a decrease

in the amount of cholesterol carried in LDL without any change in LDL particle

number. If this were the case it might be expected to manifest as a change in LDL

particle size, which was not noted in the current study. Smaller LDL particles are

thought to be more atherogenic due to their increased oxidisability (Chait et al 1993),

altered affrnity for the LDL receptor (lr[igor et al 1991, Rajman et al 1994) and

enhanced ability to cross the arterial intima (Björnheden et al 1996) and there has

previously been some suggestion that both oral and transdermal HRT decreases LDL

size (van der Mooren et al 1994, Tilly-Kiesi et al 1996). While the findings of the

current study provide further evidence that HRT impacts minimally upon LDL size

(Vadlamudi et al 1998), it should be noted that baseline LDL size in this study was

already in the lower range as proposed by Musliner and Krauss (1988). Surprisingly,

there was no significant relationship between total plasma triglyceride and LDL size, a

finding which is diffrcult to account for. A lack of correlation between LDL size and

triglyceride has been noted in patients with Familial Combined Hyperlipidaemia treated

with gemfibrozll (Hokanson et al 1993), but the subjects in the current study did not

exhibit such characteristics.

In the present study, no change in HDL (total) or HDL2 or HDL3 cholesterol

subfractions were noted following HRT. This lack of effect of estrogen + progestin

HRT on HDL has been found by some (Kim et al 1994) but others have noted
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reductions (Tilly-Kiesi et al 1997) or increases (van der Mooren et al 1997) in HDL.

The PEPI trial (1995) reported a significant increase in HDL cholesterol with both

estrogen alone and estrogen *progestin treatment, although inclusion of a progestin in

the HRT regimen significantly diminished the HDl-elevating effect. Possibly the

influence of the progestin in some subjects, combined with the small numbers led to the

lack of effect seen on HDL cholesterol in the current study. In an ovariectomised

baboon model, it was noted that while both estrogen and progesterone increased apo AI

production, progesterone also increased the fractional catabolic rate, negating the effect

of increased synthesis (Kushwaha et al 1990). The individual effects of progestins on

HDL metabolism in humans are not clear, but in rats a reduction in HDL cholesterol

has been noted with progestin treatment (Tkocz et al 1985), suggesting that progestins

may counteract the estrogen induced increase in HDL. Levels of the atherogenic

lipoprotein Lp(a) decreased significantly with hormone replacement in agreement with

previous studies (Kim et al 1994, van der Mooren et al 1994). Lp(a) levels in the

population are markedly skewed, and with the small numbers in the current study,

baseline levels of Lp(a) were slightly, but not significantly lower in the HRT group

compared to the control group. Despite the levels in the HRT group being low, there

remained a significant reduction with HRT treatment. However, this reduction of Lp(a)

is unlikely to be of significant cardiovascular benefit unless the patient also has

elevated levels of LDL cholesterol.

V/hether HRT has a measurable impact upon LDL oxidation has yet to be conclusively

demonstrated. While some have noted an antioxidant effect of HRT (Schröder et al

1996, Wander et al 1996, Santanam et al 1998), the findings of the current study

suggest that after accounting for important determinants of LDL oxidisability, namely
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fat soluble antioxidant and fatty acid content, there is no measurable effect of HRT on

ex vivo LDL oxidation. This finding is supported by those of others (McManus et al

lggj, Santanam et al 1998). It has been estimatedthat 2-3% of estrogen is carried in

the LDL fraction of plasma (Leeszczynski and Schafer 1989), thus in vivo therc may be

additional estrogen exposure which cannot be accounted for in the ex vivo LDL

oxidation assay. Recently the plasma level of antibodies against oxidised LDL was

found to be decreased following HRT treatment in postmenopausal

hypercholesterolemic women, while the ex vivo oxidisability of LDL was unchanged

(Hoogerbrugge et al 1998), illustrating a need for more sensitive measures of

antioxidant potential.

Elevated levels of the amino acid homocysteine have been found to be strongly

associated with mortality in cardiovascular disease patients (Nygård et al 1997) and a

risk factor for CVD in postmenopausal women (Ridker et al 1999). V/hether reducing

homocysteine levels confers a reduction in cardiovascular disease risk has yet to be

shown, which supports the need for large scale clinical trials for treatment of

hyperhomocysteinemia. Homocysteine levels have been found to fluctuate throughout

the menstrual cycle (Tallova et al1999), and are lower in premenopausal women than

in postmenopausal women (Wouters et al 1995). In addition, estrogen has been found

to lower plasma homocysteine levels in male rats (Kim et aI 1997) and in male to

female transsexuats (Giltay et al 1998). The current study found no change in plasma

homocysteine levels after three months of HRT in a subject group with mean

homocysteine levels that fatl within the normal range. The impact the progestogens

might be having on homocysteine levels is not currently known.
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The current study suggests that HRT is able to bring about favourable changes to

plasma LDL cholesterol and Lp(a) without adversely affecting LDL size. Further to

this, the study provides evidence to suggest that HRT-induced changes in LDL

cholesterol may be mediated, at least in part, by a pathway independent of the LDL

receptor. The hepatic LDL receptor is thought to play a major role in regulation of

circulating levels of LDL, but other pathways of metabolism are thought to exist. HRT

was found to have no effect on the parameters of ex vivo LDL oxidation or circulating

plasma homocysteine levels in this study.
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CHAPTER 5

The Influence of Dietary Factors on Lipoprotein(a)
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5.1 Introduction

Despite its structural similarity to LDL, lipoprotein (a) [Lp(a)] appears remarkably

resistant to the dietary and pharmaceutical modifications that are often used to bring

about changes in LDL cholesterol levels. The most commonly used hypolipidaemic

drugs, the statins and fibrates do not appear to lower Lp(a) levels (Berglund 1995,

Angelin 1997).

Apo(a), the unique protein component of Lp(a) displays considerable heterogeneity,

with isoforms ranging in size from approximately 280-700 KDa. Apo(a) has been

found to bear marked homology to plasminogen, which is involved in wound repair in

blood vessels and Lp(a) has been shown to be preferentially taken up into damaged

vessels when compared to LDL, when corrected for plasma levels (Lui and Lawn

1994). Isoform size has been found to correlate inversely with Lp(a) concentration

(Kamboh et al. 1995), and smaller apo(a) isoforms have been found to be more

atherogenic (Sandholzer et al. 1992). However the difference in apo(a) size does not

fully account for differences in Lp(a) levels in the population (Azrolan et al. 1991).

One of the few consistent modulators of plasma Lp(a) levels are sex hormones.

Testosterone and anabolic steroids have been shown to lower Lp(a) levels (Soma et al.

1994). In addition, hormone replacement in postmenopausal women, and estrogen

given to males for the treatment of prostatic cancer have been shown to reduce Lp(a)

levels (Chapter 4, Table 4.4, Angelin et al. 1992). The anti-estrogen tamoxifen (which

also has estrogen-agonist activities), has also been shown to reduce Lp(a) levels

(Wiseman 1995). The sensitivity of Lp(a) to hormonal influence has been

demonstrated by the fluctuation in Lp(a) levels during the menstrual cycle of
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premenopausal women (Tonolo et al. 1995), and the ability of oral estrogen therapy

to lower Lp(a) levels within one week of treatment (Tuck et al. 1997, Zysow et al.

1997).

Flaxseed (linseed) has a high polyunsaturated fatty acid content, particularly the n-3

fatty acid, cr,-linolenic acid (C18:3 n-3), and also contains a significant amount of

phytoestrogenic lignans. The two main lignans derived from dietary flaxseed,

enterolactone and enterodiol, have been shown to have both weak estrogenic and anti-

estrogenic properties in addition to possessing antioxidant activity (Setchell and

Adlercreutz 1988, Chapter 3, Table 3.1). The effect of flaxseed supplementation on

lipid levels has been found to result in changes in total cholesterol, LDL and TG

levels which are consistent with changes seen following supplementation with other

polyunsaturated and monounsaturated fatty acids (Chan et al. 1991). However,

polyunsaturated fatty acids have not consistently been shown to affect Lp(a) levels

(Brown et al. l99l). To date, only one study has examined the effect of flaxseed on

Lp(a). Arjmandi et al. (1998) found that flaxseed supplementation resulted in a slight

decrease in Lp(a) in hypercholesterolaemic postmenopausal women.

Changing the dietary fatty acid intake is a well established and often first-line

therapeutic mechanism for altering LDL cholesterol levels (ZöIIner et al. 1992),

however Lp(a) appears to be less susceptible than LDL to changes to dietary fatty acid

intake (Brown et al. 1991). Trans-faIly acids have been found by some to raise Lp(a)

(Nestel et a1.1992, Mensink et al. 1992), however others have found no effect of a

high trans diet on Lp(a) (Clevidence et al. 1997).It has also been suggested that a
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high intake of saturated fatty acids (particularly short chain saturated fatty acids) is

associated with lower Lp(a) levels (Tholstrup et al. 1995, Clevidence et aI. 1997).

To date, the effect of n-3 polyunsaturated fatty acids on Lp(a) has not been

conclusively shown. The suggestion that fish oil-derived n-3 fatty acids might affect

Lp(a) levels was made by Pauletto et al. (1996) following their observations in native

Tanzanians of lower Lp(a) levels in a population consuming a fish-rich diet compared

to a population consuming a mainly vegetarian diet. Fish oil-derived n-3 fatty acids

have been reported to alter Lp(a) levels in hyperlipidaemic and coronary artery

disease patients (Beil et al. 1991, Hermann et al. 1995), but this effect is not seen in

normolipidaemic subjects (Markmann et al. 1997, Malle et al. 1991).

As the lignans derived from flaxseed have estrogenic activity, and hormones are one

of the few consistent modulators of Lp(a), the aim of this study was to examine the

effect of flaxseed on Lp(a) levels. However, flaxseed is also rich in n-3

polyunsaturated fatty acids and the influence of dietary fatty acid intake on Lp(a) was

also examined to attempt to account for any non-lignan effects of flaxseed on Lp(a).
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5.2 Methods

5.2.1 Study subjects and design

The influence of dietary factors on Lp(a) concentration was examined in studies

conducted at CSIRO Human Nutrition and the Royal Adelaide Hospital for which

ethical approval had been given by the Human Ethics Committee of CSIRO Human

Nutrition, and the Royal Adelaide Hospital Ethics Committee respectively

5.2.1,1 Flaxseed supplementation study

The effect of flaxseed supplementation on Lp(a) concentration was determined in a

group of men (n:50) and a group of pre-menopausal women (n:31) who consumed

10g of ground flaxseed daily for a period of one week. The flaxseed sample contained

of approximately 49 of fat (of which 2.4g was the n-3 polyunsaturate, a-linolenic

acid). Lp(a) levels were measured in fasted serum samples taken before and after the

one week supplementation period. Additionally apo(a) size was determined in the

male group.

5.2.1.2 n-3 føtty øcíd supplementation study

The effect of dietary n-3 fatty acid supplementation on Lp(a) concentration was

examined in healthy male subjects. Subjects were randomly divided into two groups

supplemented with increasing amounts of either eicosapentanoic acid (EPA) (n:14) or

docosahexanoic acid (DHA) (n:16) for a period of 4 weeks. During week l, no

supplement was consumed. In week2, a dose of lglday of EPA or DHA was taken. In

week 3 subjects consumed a dose of 2glday and this was increased to 3glday in week

4. Fasted plasma samples were obtained at the end of each week of supplementation.
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5.2.1.3 DietarYfot studY

The influence of changes to dietary fatty acid intake on Lp(a) concentration was

determined in a group of overweight, non insulin-dependent diabetics consisting of 31

women and 8 men. Subjects were divided randomly into three groups consuming one

of three different calorie-restricted diets. Diet 1 was relatively high in saturated fat

(SATURATED FAT), Diet 2 had a relatively high poly/monounsaturated fat intake

(pOLy) and the third diet was a low fat diet (LOV/ FAT) with signif,rcantly lower

amounts of saturated, polyunsaturated and monounsaturated fat than either of the

other two diets. Lp(a) was determined in plasma samples from immediately prior to

commencement of the diet, and at the end of the 12 weeks experimental diet period.

5.2,2 Measurement of Lipoprotein(a) levels

Lp(a) levels in plasma and serum samples were determined by an ELISA as described

in chapter 2.5.

5.2.3 Isolation of Lipoprotein(a) fot determination of øpo(a) size

Blood was collected into tubes containing lmg / ml EDTA and spun at 3000 rpm to

separate plasma. The fresh plasma was removed and adjusted to dl.2l using 0.3242 g

of KBr / ml of plasma. Plasma (d1.21) was placed in Beckman 16 x 76 mm PA-

Quickseal tubes (Beckman Instruments, California, USA) and spun at2778t6 x g in a

70.1 Ti rotor to isolate the total lipoprotein fraction of the plasma. This was removed

and then dialysed against benzamidine-phosphate (-PO+) buffer (0.0015M NaNg,

0.0003M Na2EDTA, 0.02M KHzPO+, 0.08M NazHPO¿, 0.001M benzamidine,pHT.4)

overnight. The total lipoprotein fraction was passed over a Lysine-Sepharose column
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(XK 16140 Pharmacia column [Amrad Pharmacia Biotech, VIC, Australia] packed

with Lysine-linked to Sepharose 48, [Sigma-Aldrich, Castle Hill VIC, Australia])

equilibrated in a benzamidine-PO¿ buffer, at a rate of lml / min. The column was

washed with one column volume of benzamidine-carbonate-saline (0.001M

benzamidine, 0.5M NaCl, 0.1M NaHCO3, pH 8.3). Lp(a) was eluted by passing one

column volume of 200 mM e-aminocaproic acid (in benzamidine -PO+ buffer) over

the column, which was collected in 0.5 ml fractions using a Pharmacia FRAC-100

fraction collector (AMRAD Pharmacia Biotech, VIC, Australia).

Aliquots (70uL) of the fractions collected were transferred to sample cups and the

protein content determined using the Lowry Protein assay (see chapter 2.3). The Lp(a)

content of candidate fractions with high protein content (which usually eluted in

fractions collected after 10-15 mls had passed through the column) was then

determined using the Lp(a) ELISA method (see chapter 2.5). Following identification

of Lp(a) fractions, these were pooled and concentrated using CF50A Centriflo

membrane cones (Amicon, Millipore).

5.2.4 Prepøration of Apolípoprotein(a) size stundards

In order to produce apo(a) size standards, a number of Lp(a) isolations from different

plasma samples were performed. Blood was obtained from volunteers at the CSIRO

Human Nutrition Clinic, and plasma isolated by centrifugation at 3000 rpm.

Following isolation of Lp(a) as described in chapter 4.2.3, Lp(a) samples were

incubated for 5 min at 100 oC with sample buffer (containing 2%o þ-mercaptoethanol,

1% SDS, 0.1% bromophenol blue and 5o/o glycerol) and then apo(a) size measured by
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5.2.7 Støtistícal Anølysß

For the flaxseed and dietary composition studies, Lp(a) levels before and after

supplementation were compared directly using the Wilcoxon Matched-Pairs Signed

Ranks Test for non-parametric data. Given the non-parametric distribution of both

lignan and Lp(a) levels, correlations performed on data from the flaxseed study were

done following log-transformation to normalise the data.

Anaþsis of the data from the n-3 fatty acid supplementation study was performed

using a Friedman Two-Way ANOVA for non-parametric data.
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5.3 Results

5.3.1 The effect offlaxseed sapplementøtíon

Daily consumption of 10g of ground flaxseed for a period of one week had no

significant effect on Lp(a) concentration in a group of healtþ pre-menopausal women

(n:31). However in healthy males (n:50), a slight but significant increase in Lp(a)

was noted after flaxseed supplementation (p<0.05), as shown in Figure 5.1. The

significant increase in Lp(a) seen in males was not correlated with apo(a) isoform size

(Figure 5.2).

Flaxseed supplementation resulted in a significant increase in the urinary excretion of

the lignans enterolactone and enterodiol (See Appendix B). The change in Lp(a) in

males was significantly correlated with the change in enterolactone excretion

(p<0.05), but not the change in enterodiol excretion (Figure 5.3). Interestingly the

correlation between change in Lp(a) and enterolactone excretion indicated that greater

enterolactone excretion was associated with a lesser effect on Lp(a).

5.3.2 The effect of n-3 fatty acid supplementatíon on Lp(a) levels

In normolipidaemic subjects, treatment with increasing amounts of n-3 fatty acids

EPA and DHA for a period of 4 weeks had no significant effect on Lp(a) levels.

Figure 5.4 illustrates the mean Lp(a) concentration over the treatment period. In the

present study, Lp(a) was unable to be detected in six subjects and if these subjects

were omitted from the data analysis, the results remain consistent. Table 5.1 shows

the median Lp(a) in subjects with detectable levels of Lp(a). Lp(a) concentrations
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rwere in the range 0-63 mgldl for the DHA group (n:14), and0-122 mg/dl for the EPA

group(n:10).

5.3.3 The effect of dietaryfat intake on Lp(a)

In three groups of overweight, non-insulin dependent diabetic patients fed a calorie-

restricted diet for a period of 12 weeks, Lp(a) did not change significantly on either

the high saturated fatty acid diet (SAT) or high poly/monounsaturated fatty acid diets

(POLY). However, Lp(a) concentration increased slightly, but significantly, on the

low total fat diet (LOW FAT) with the mean levels rising by 48% (25% increase in

median level) (p<0.05) (Figure 5.5).
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Figure 5.1 The ffict of one week of flaxseed supplementqtion on Lp(a) levels in

men and pre-menopausql women.

Serum Lp(a) levels were determined in males (n:50) and pre-menopausal females

(n:31), before (PRE) and one week after (POST) dietary supplementation with 10g

ground flaxseed/day.

The data presented in bars is mean Lp(a) (mgldl), the data represented by the symbol

(- ) is the median Lp(a) levels for each group.

ø denotes significantly different to pre-flax values (p<0.05).
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Figure 5.2 Apo(a) isoform size is not related to the change in Lp(a) levels in

response to flaxseed supplementation in healthy males.

Apo(a) isoform size was determined by agarose /polyacrylamide gel electrophoresis

followed by western blotting and detection using an enhanced chemiluminescence kit

(ECLrM, Amersham). Lp(a) levels were determined by a sandwich ELISA.
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Figure 5.4 The effect of n-3 fatty acid supplementation on Lp(a) levels.

Plasma Lp(a) levels were measured by a sandwich ELISA after supplementation with

increasing doses of either EPA or DHA over a period of 4 weeks. Week 1 was

commenced with no fatty acid supplementation. During week 2, a daily dose of 19 of

either DHA (n:16) or EPA (n:14) was taken. This increased to 2glday in week 3 and

then 3gld in week 4.

Values are mean Lp(a) in mg/dl.



Lp(a): Median

(range) [mg/dl]

DHA

Baseline

10.6

Week 1

9.7

Week 2

r0.7

(0 - 47.6)(0 - 63.2) (0 - 61.4)

Week3

t2.2

(0 - 44.5)

t28

Week 4

6.9

(0 - 36.e)

EPA 9.2 8.2 r0.6 13.0 9.6

(0 - 87.2) (0 - 8e.2) (0 - t22.s) (0 - 88.4) (0 - 84.7)

Table 5.1 The ffict of inuemental doses of EPA and DHA on median Lp(a) levels in healthy males

Lp(a) was measured using a sandwich ELISA technique in plasma from healthy males who consumed increasing doses of either DHA or

EpA over 4 weeks. During week I no n-3 fatty acid was taken. In week 2, subjects were supplemented with a dose of lglday' During

weeks 3 and 4 doses of 2glday and3glday respectively were taken-

The data presented is the median Lp(a) and concentration ranges of subjects with detectable levels of Lp(a) during at least one week of

the study.
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Figure 5.5 The effect of dietary fatty acid intake on Lp(a) levels during a

calorie restricted diet

Plasma Lp(a) levels were determined in 3 groups of overweight diabetic patients

before (PRE) and 12 weeks after (POST) commencement of a calorie-restricted diet

rich in either saturated fatty acids (SAT), poly- and monounsaturated fatty acids

(POLY) or low in total fat (LOW FAT).

The data presented in bars is mean Lp(a) (mg/dl), median Lp(a) levels are

represented on the graph by lines (- ).

c¡ denotes significantly different to pre-diet values.
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5.4 l)iscussion

The current study found that supplementation of lOg/day of ground flaxseed for one

week significantly increased mean Lp(a) levels in men by 28% (equivalent to 4.7mgldl),

but did not affect Lp(a) levels in premenopausal females. Flaxseed, in addition to being a

rich source of the n-3 fatty acid cr-linolenic acid, is also rich in phytoestrogenic lignans

which have been found to have both estrogenic and anti-estrogenic effects (Mousavi and

Adlercreutz,lgg2), and display antioxidant activity (Chapter 3, Table 3.1).

Plasma Lp(a) levels have been shown to display an inverse correlation to apo(a) isoform

size (Amemiya et al. 1996, Azrolan et al. 1991), however Lp(a) phenotype has been

shown not to influence the response to saturated fatty acids (Tsai et al. 1998). In the

current study, the change in Lp(a) with flaxseed supplementation was also found to be

unrelated to apo(a) isoform size. Thus, despite apo(a) isoform size being a significant

predictor of Lp(a) levels, it appears that it is not related to the change in Lp(a) levels

when Lp(a) levels are altered by dietary means'

It remains to be determined whether the slight Lp(a)-elevating effect seen with flaxseed

supplementation may be attributed to the fat or lignans in flaxseed. To further examine

dietary effects on Lp(a), Lp(a) was measured in two studies which had altered fat intake

in the short to medium term. The possibility that the effect of flaxseed is due to its high

g-linolenic acid content seems less likely as the current n-3 supplementation study found

that fish oil-derived n-3 fatty acids have no significant effect on Lp(a) in
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normolipidaemic men, a finding supported by those of Markmann et al. (1997), Nelson

et al.(1997) and Malle et al. (1991). There was no significant difference between DHA

and EpA treatments in terms of Lp(a) levels, even though these long chain n-3 fatty acids

are thought to affect plasma lipids differently. It should be noted however, that there were

no other changes in cholesterol or triglyceride found in the subjects in the current study

following the n-3 supplementation for 4 weeks (Dr M James, personal communication).

A study in normolipidaemic subjects which did find an Lp(a) lowering effect of n-3 fatty

acids noted this effect in subjects with levels of Lp(a) above 2}mgldl (Schmidt et al.

1991). While other investigators have foundthat n-3 fatty acids reduce Lp(a) levels, this

was mostly in hyperlipidaemic or CAD patients (Beil et al. 1991, Shinozaki etal. 1996,

Herrmann et al. 1995). In hyperlipidaemic states, lower Lp(a) levels have been found to

be associated with hypertriglyceridaemia whereas higher Lp(a) levels are associated with

hypercholesterolaemia and the extent to which altering these states influences Lp(a)

levels has yet to be conclusively shown (Bartens et al. 1995, Ritter et al. 1994). In the

comparative study by Pauletto et al. (1996a), which concluded that fish oil consumption

was associated with lower levels of Lp(a), the fish consuming population differed from

the vegetarian population in a number of aspects. Vegetarians had significantly higher

plasma cholesterol and triglyceride, and consumed significantly more alcohol (Pauletto et

al. 1996b), although the effect of alcohol consumption on Lp(a) has yet to be clarified

(Valimaki et al. 1991, Simons and Simons 1998).

The results of the study examining dietary fat intake and Lp(a) suggest that the increase

in total polyunsaturated fa1cry acid (PUFA) intake associated with the flaxseed
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consumption is also unlikely to affect Lp(a) levels. In the dietary fat study examined,

pUFA intake was significantly higher on the POLY diet compared to the SAT rich diet

(Heilbronn et al. 1999), and no significant difference in Lp(a) was observed following

change in diet in these two groups. While the influence of dietary fatty acid content on

Lp(a) remains unclear, it does appear that Lp(a) levels may be higher on a trans fatty acid

rich diet (Nestel et al. 1992, Mensink et al. 1992) and lower on a saturated fatty acid rich

diet (Clevidence et al. 1997, Aro et al. 1997).In the present dietary fatty acid study, a

high saturated fat diet did not have any effect on Lp(a) levels. However the study did not

control for previous dietary intake and although the SFA experimental diet contained a

high proportion of saturated fat, it was calorie restricted and the total amount of saturated

fat was similar to that which is seen in the average Australian diet (National Nutrition

Survey 1995). While the baseline diet of the subjects in this study was not known, there

was no significant change in LDL levels suggesting that the SAT diet was unlikely to

have resulted in a large increase in saturated fat intake (Heilbronn et al. 1999). The diet

high in PUFA, which was also higher in monounsaturated fatty acids, had no signihcant

effect on Lp(a) levels, a frnding that is supported by prior studies (Mensink et al. 1992).

Interestingly, those subjects consuming the LOW FAT diet showed a significant increase

in Lp(a) levels. This diet was high in carbohydrate and low in total fat content while

remaining isocaloric with the other two fat rich diets. The increase in Lp(a) seems

unlikely to be due to the higher amount of carbohydrate in this diet compared to both the

POLY or SAT diets, as previous studies suggest that carbohydrate has no effect on Lp(a)

levels (Mehrabian et al. 1990). The dietary composition of these diets has been reported
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elsewhere (Heilbronn et al. 1999), and the total fat content was significantly lower on the

LOW FAT diet compared to either the POLY or SAT diets (10%, 32.9% and32o/o of total

energy derived from fat respectively). Accordingly the LOW FAT diet also had a

significantly lower proportion of saturated fat than either of the two fatty acid-rich diets

(the saturated fat content of the LOW FAT diet being 3.60/o of total calories compared to

6.90/o and 16.9% for the POLY and SAT diets). It is possible that the reduction in

saturated fat intake on the LOW FAT diet is responsible for the increase in Lp(a). This

suggestion is supported by findings from a study by Ginsberg et al (1998) which noted

stepwise increases in Lp(a) as dietary saturated fatty acid intake was reduced. As Lp(a) is

a very efficient vehicle for delivery of cholesterol to the periphery, it could be speculated

that this response to lowering of saturated fat is a trait inherited from times when seasonal

variation markedly affected nutrient intake. The atherosclerosis risk associated with the

small increase in Lp(a) seen with the LOW FAT diet in the present study is likely to be

more than compensated for by a reduction in total/LDl cholesterol.

It appears unlikely that the Lp(a)-elevating effect of flaxseed would be due to the

antioxidant activity of flaxseed-derived lignans, as previous studies have found no effect

of antioxidants on Lp(a) levels. Treatment with ascorbate in healthy adults and in patients

with premature CVD was found to have no effect on Lp(a) levels (Muñoz et al. 1994,

Bostom et al. 1995), nor has the antioxidant LDl-lowering drug probucol been found to

affect Lp(a) levels (Naruszewicz eL al' 1992).
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As the effect of flaxseed on Lp(a) levels in men appears less likely to be due to fatty acid

content or lignan antioxidant activity, it may be mediated by the phytoestrogenic

attributes of the lignans. Lp(a) levels can be modihed in the short-term (7days)

hormonally, as demonstrated by adminstration of growth hormone resulting in an

increase in Lp(a) (Hansen et al 1995). Two week treatment with estrogen has been found

to reduce plasma Lp(a) and hepatic apo(a) mRNA in the apo(a) transgenic mouse model

(Zysow etal 1997). Of the two major mammalian lignans, enterolactone appears to be a

more potent phytoestrogen than enterodiol in vitro (Wang et al. 1994). Ingestion of

lgg/day of flaxseed powder has been found to influence the menstrual cycle of pre-

menopausal women, lengthening luteal phase and increasing the luteal phase

progesterone:estradiol ratio (Phipps et al. 1993). Lp(a) levels have been shown to change

during the menstrual cycle of premenopausal women (Tonolo et al. 1995), and the

women in the current flaxseed study were not all at the same stage in their monthly cycle

during the one week supplementation period, making it difficult to draw conclusions

from the Lp(a) data of this group. However, the weak association noted between urinary

excretion of enterolactone and change in Lp(a) in men in the present study was an inverse

correlation. The relationship between plasma levels and urinary excretion of lignans has

yet to be fully elucidated and appears to display wide inter-individual variability (Nesbitt

et al 1999). As phytoestrogens may not have linear dose-response lipid lowering

activities (Balmir et al. 1996, Dodge et al. 1996) and can behave differently in the

presence or absence of endogenous estrogen (Collins et al 1 997), it is clear that further

studies examining different doses of lignans in populations with stable levels of

endogenous estrogens are required to clarify this issue.
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The only study to report the effect of flaxseed on Lp(a) was performed by Arjmandi et al.

(1998) in a group of hypercholesterolaemic post-menopausal women. In this study,

women fed 33g/day of flaxseed in the form of bread or mufltns had signifrcantly lower

Lp(a) at the end of the six week experimental period. Past studies with fish oil n-3 fatty

acids suggest that hyperlipidaemia may significantly impact the response of Lp(a) levels

to treatment, and the dose of flaxseed used by Arjmandi et al. (1998) was considerably

higher than was consumed in the present study. As phytoestrogens have been noted to

have biphasic estrogenic effects in response to increasing dose (Anderson et al. 1998a),

this may possibly account for the differences between the findings of Arjmandi et al.

(l 99S) and that ofthe current study.

In conclusion, this study suggests that dietary flaxseed increases Lp(a) in men but not

pre-menopausal women. As it was also found that n-3 fatty acids appear to have little

effect on Lp(a) levels in normocholesterolaemic individuals, this effect of flaxseed in

men appears unlikely to be due to its c¿-linolenic acid content. Changes to the

PUFA/saturated fat content of the diet had little effect on Lp(a) as demonstrated by the

dietary fat study, and so the contribution of the extra 4gld PUFA contained in the

flaxseed should not have affected Lp(a). The change in Lp(a) in men consuming flaxseed

was not related to apo(a) isoform size, despite this having been found to be a significant

predictor of Lp(a) levels by others (Amemiya et al. 1996, Azrolan et al. 1991). Whether

phytoestrogenic properties of lignans ingested with the flaxseed resulted in a lowering of
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Lp(a) needs to be examined further as both the dose of flaxseed and the magnitude of

change of Lp(a) were small.
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CHAPTER ó

The effect of isoflavonoid phytoestrogens on plasma lipoproteins and

LDL oxidation
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6.1 Introduction

The biological activity of phytoestrogens, plant derived compounds with estrogenic

activity, was documented as early as 1948 by Schinckel, who observed infertility in

sheep fed on subterranean clover pastures. Postmenopausal estrogen use is associated

with a reduction in CVD risk, which is in part mediated by its influence on lipid

metabolism (Barrett-Connor and Bush 1991). The focus of the current studies was to

examine whether these estrogenic effects can be seen with phytoestrogen

supplementation.

Isoflavones aÍe a class of phytoestrogen displaying a characteristic diphenolic

structure, which are found in high quantities in soy-based foods (Tham et al. 1998). A

meta-analysis examining the effect of soy consumption on serum lipids by Anderson

et al. (1995) concluded that soy has a hypocholesterolaemic effect, although some

studies have found no effect of soy on either total or LDL cholesterol (Grundy and

Abrams 1983, Sacks et al. 19S3). It has been hypothesized that the isoflavones present

in soy may be at least partly responsible for the hypocholesterolaemic effect (Potter

1995), and it has been shown in this thesis that the isoflavone daidzein can upregulate

LDL receptor activity in vitro (Chapter 3). However it has also been suggested that it

may be a protein component of the soy which mediates the cholesterol lowering effect

(Sirtori et aI. 1997).

Anthony et al. (1997) performed a study in a non-human primate model which

compared diets with either intact soy, soy from which most of the isoflavones had

been removed, or casein, as the source of dietary protein. It was found that the intact
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soy (containing isoflavones) had the greatest effect on coronary artery lesion size with

significant reductions seen. Animals fed the intact soy also had lower LDL and total

cholesterol levels than animals fed either the casein or isoflavone-depleted soy diets.

The hypothesis that isoflavones are involved in the cholesterol lowering effect of soy

was also supported by a study from Kirk et al. (1998) in mice, in which it was found

that the presence of isoflavones enhanced cholesterol-lowering in mice with

functional LDl-receptors. However as alcohol extraction can also remove other

components of soy such as saponins, it cannot be determined from these studies

whether it is the isoflavones acting independently, interacting with another component

of soy to produce the hypocholesterolaemic effects, or having no role in the

cholesterol-lowering effect of soy.

In addition to their estrogenic effects, isoflavones have also been shown to have

antioxidant activity, displaying the ability to inhibit in vitro LDL oxidation (Hodgson

et al1996, Kerry and Abbey 199S). In rats fed a high-genistein soy protein diet, it has

been found that the lag time of VLDL-LDL oxidation was significantly prolonged

(Anderson et al. 1998b). Supplementation of healtþ volunteers (3 male, 3

premenopausal females) with soy food bars containing approximately 57mgld of

isoflavones was found by Tikkanen et al. (1998) to provide protection to LDL from

oxidation, but again whether this is due purely to the isoflavones in the soy protein-

containing bar cannot be determined.

As Lp(a) is sensitive to hormonal regulation (Berglund 1995), there has been interest

in the effect of phytoestrogens on Lp(a) levels. Nilausen and Meinertz (1999) found

that Lp(a) levels were slightly higher on soy compared to a casein rich diet. In a cross-
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sectional study, Blankenship et al (1996) found that consumption of powdered soy

milk in combination with a vegan diet was associated with higher Lp(a) levels than

consumption of a vegan diet alone.

In the following studies the effects of isolated soy isoflavones on LDL oxidation,

Lp(a) and plasma lipids will be examined, with the aim of providing insight into the

ability of soy isoflavones to act independently to affect plasma lipoproteins.
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6.2 Methods

6.2.1 Study designs

Analyses were performed on two studies examining isoflavone supplementation in

postmenopausal women, from this point on referred to as Studies A and B.

Study.4 was a study co-ordinated by Professor Paul Nestel from the Baker Medical

Research Institute which examined the effects of an 80mg/d soy isoflavone

supplement consisting of 45mg genistein, 34mg daidzein and a small amount of

glycetein. The isoflavones were aglycones i.e. hydrolysed conjugates. The study was

run as a placebo-controlled cross over design, subjects were randomly assigned to

either isoflavone or placebo to commence the study. Each supplement was taken for a

period of 5-10 weeks and plasma samples were taken at the end of each

supplementation period. The subject sample consisted of peri- and postmenopausal

women (n:15) who had experienced recent menopausal symptoms and were not

taking any form of hormone replacement therapy. The study was granted ethical

approval by the Alfred Hospital Human Ethics Committee.

Study ^B was co-ordinated by Drs Richard Bumett and Peter Baghurst of the Royal

Adelaide, and 'Women's and Children's Hospitals respectively. This study was of a

double-blinded, placebo-controlled longitudinal design. Postmenopausal women who

had not taken any form of hormone replacement therapy for at least three months

prior to the study were eligible to participate. Postmenopausal status was defined as

an absence of menstruation for a period of one year or at least 2 yearc since the onset



t42

of menopausal symptoms. Subject exclusion criteria included a known sensitivity to

estrogen or phytoestrogens, a history of breast cancer, endometrial cancer or venous

thrombosis and recent use of isoflavone supplements. The study was granted ethical

approval by the Royal Adelaide Hospital Human Ethics Committee. Serum samples

were taken before and three months after the commencement of the supplement.

The subject sample consisted of 49 postmenopausal women who were randomly

allocated to take either the placebo or one of two doses of isoflavone supplement

(75mg or 150mg of soy-derived isoflavones) daily for a period of 3 months. The

supplement consisted of approximately 4lo/o daidzein, 5I% genistein and 7%

glycetein mainly in glycosidic form (ie daidzin, genistin and glycetin), the placebo

consisted of anhydrous glucose. No dietary assessment or monitoring was performed

as part of the study.

6.2.2 Laborøtory Measurements

In Study A, LDL oxidation and plasma Lp(a) \Mas measured. Isolation of LDL from

plasma and subsequent Cu2* mediated LDL oxidation, was performed as described in

Chapter 2.6. LDL TBARS measurement was performed using the method described

inChapter 2.7.

In Study B, serum total cholesterol and triglyceride were measured as described in

Chapter 2.4 using a Cobas Bio automated analyser and Roche Unimate cholesterol

and triglyceride kits (F. Hoffman- La Roche, Basel, Switzerland). HDL cholesterol

and LDL cholesterol were determined as described in Chapter 2.4. Serum Lp(a) levels
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were measured using a WAKO turbidimetric Lp(a) kit (Wako Pure Chemical, Osaka,

Japan) on a Cobas Bio automated analyser.

Staff at the Royal Adelaide Hospital, who were directly in contact with the study

subjects, collected subject anthropomorphic data. Body mass index and age data was

kindly provided by Dr Peter Baghurst. Serum levels of daidzein and genistein were

measured by Ms Caroline Bignell (CSIRO Health Sciences and Nutrition) by HPLC

using the method as described in King and Bursill (1998).

6.2.3 Statistícal analYsis

Unless otherwise stated, data is given as Mean t SEM. Statistical analysis was

performed using the SPSS for windows package (SPSS, Chicago, USA) and

Microsoft Excel. Data was analysed using student's t-tests, except in the case of Lp(a)

and serum isoflavones for which non-parametric tests were used on un-transformed

data (Mann Whitney U tests, Wilcoxin Signed Rank tests). Multiple regression

analysis was used to examine the relationship between initial (baseline) cholesterol

levels and response following treatment, and ANCOVA was used to examine the

influence of BMI on cholesterol levels'
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6.3 Results

6.3.1 Study A

Supplementation with 80mg of soy isoflavones for a period of 5-10 weeks in 15

women who were either post- or perimenopausal, did not have any significant effect

on the parameters of LDL oxidation; oxidation rate, lag time and maximum diene

concentrati on (Table ó.,1). Nor were there any differences in the concentration of LDL

TBARS either before or after Cu2* induced oxidation (Tabte 6.2).

6.3.2 Study B

The groups did not differ signihcantly in age or BMI at baseline, and there was no

significant change in BMI for the duration of the study (Table 6.3). At baseline there

were no significant differences in lipid levels or Lp(a) between the three groups,

although mean total cholesterol levels were slightly (8%), but not significantly, lower

in the 75mg isoflavone/d group compared to the 150mg/d group (Table 6.4).

In women treated with the placebo consisting of anhydrous glucose (n:16), there

were slight, but significant, reductions in total and LDL cholesterol noted after the

three-month treatment period (3% and 6% respectively), which could not be

accounted for by BMI. There were no significant changes in HDL cholesterol noted in

the placebo group (Table 6.5), and the ratio of total/HDl cholesterol did not change.

Following three months of treatment with isoflavones there were no significant

changes in serum total cholesterol, LDL cholesterol, HDL cholesterol, total

triglyceride or Lp(a) in either theT1mgld and 150mg/d groups (Tables 6.4 and 6.5).
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The meta-analysis by Anderson et al (1995) suggested that cholesterol-lowering effect

of soy might only be seen in a hypercholesterolaemic population. When

hypercholesterolaemic subjects (defined as those with baseline cholesterol levels

greater than 5.5mmol/1) in the present study were examined separately. there

remained no significant effect of either dose of isoflavones on any serum cholesterol

(Table 6.6). In the placebo group, only the reduction in LDL cholesterol was

significant (p:0.01) (Table 6.6).

At baseline, there were no significant differences in serum isoflavone levels between

groups (Table 6.7). Following three months of supplementation with placebo, there

was no change in either serum daidzein or genistein. Following three months of

supplementation with 75mg or 150mg isoflavones/d, there were significant increases

in the serum levels of both genistein and daidzein, p<0.01 (Table ó.f, suggesting

study compliance was good. Serum levels of genistein and daidzein were 28o/o and

l2o/o higher respectively in the 150mg isoflavone/d group compared to the 75mg

isoflavone/d at study endpoint, although the differences between these two treatment

groups were not significant (Table 6.7).

Regression analysis revealed that there was a significant relationship between the

initial total cholesterol levels and the changes seen in both total and LDL cholesterol

in all study participants (r2:0.19, p<0.01 and t2:0.34, P<0.0005 respectively, Figure

ó.1). Power analysis (with cr:0.05 and P:0.1) using the magnitude of change

attributed to soy protein from the meta-analysis by Anderson et al. (1995), suggested

that n:30 would have been a more appropriate sample size in this study. The study

had originally intended to recruit n:25 for each group (total study n:75), however the
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death of a study investigator lead to difficulty with recruitment and the study was

terminated before these numbers were reached'
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Oxidation Rate

(nmol diene/mg LDL

protein/min)

Lag time Maximum diene concentration

(min) (nmol/ di e ne/m g L D L Pr o te in)

Placebo 14.4 t0.6 53.5 + 1.5 409.0 + 1 1.5

Isoflavone 14.2 + 0.5 53.2 ! 1.4 406.0 + 10.6

Table 6.1 The ffict of soy isoflavone supplementation on the parameters of ex vivo LDL oxidation

In a cross-over design study, post- and peri-menopausal women (n:15) consumed a supplement consisting of either 80mg isoflavones or

placebo for a period of 5-10 weeks. LDL was isolated from plasma samples taken after each supplementation period and subjected to

Cu2* mediated oxidation which was monitored spectrophotometrically at 234nn. Values are given as Mean t SEM'
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LDL TBARS concentration before oxidation LDL TBARS concentration after oxidation

(nM MDA/mg LDL protein) (nM MDA/mg LDL protein)

Placebo o'08 I o'02 7o'r4 x 4'16

Isoflavone 0.1I r 0.02 71.56 + 3.53

Table 6.2 The ffict of soy isoflavone supplementation on LDL TBARS concentration before and after oxidation

post- and perimenopausal women (n:15) were supplemented with either placebo or 80mg isoflavones for a period of 5-10 weeks in a

cross-over design study. The concentration of thiobarbituric acid reactive substances (TBARS) in isolated LDL was determined

following each supplementation period by a spectrophotometric assay, and malondialdehyde (MDA) concentration estimated using the

extinction coeffrcient for MDA at 535nm (e: 1.56 x 105 L.mol-r.cm-t¡ lBeuge and Aust 1973). Values given as Mean + SEM.
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Baseline Body Mass Index Endpoint Body Mass Index

Q,,ears) (kg/m2)

Placebo 56.6 + 1.9 27.4 + 1.5 27.4 + 1.5

75mgld Isoflavone 53.5 r 1.3 26.8 xl.4 27.0 + 1.4

150mg/d Isoflavone 56.0 + 1.8 27.2 ! 1.0 27.3 + 0.9

Table 6.3 Subject characteristics, Study B

Values are given as Mean t SEM. The numbers in the placebo, 75mgld and 150mg/d groups were n:15, 18 and 16 respectively. There

were no significant differences between groups or within groups at study endpoint.

Age

(kS/^')
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Total Cholesterol (mmol/l) HDL cholesterol (mmol/t) Total/HDL cholesterol

Baseline Endpoint Baseline Endpoint Baseline Endpoint

Placebo 6.11 t 0.36 5.92 + 0.36 " 1.7 !0.17 1.73 t0-17 4.15 + 0.47 3'86 t 0'40

75mgld Isoflavone 5.74 r0.22 5.70 + 0.20 1.57 r 0.1 1 1.8 r 0.15 4.00 r 0.33 3.54 t 0.31

150mg/d Isoflavone 6.23 + 0.29 6.02 !.0.25 1.45 + 0.15 t.48 t0.12 4.90 t0.47 4.53 + 0.42

Table 6.4 The ffict of soy isoflavone supplementation on serum lipids in postmenopausal women

postmenopausal women were randomly allocated to one of three treatments; placebo (n:15), 75mg isoflavones daily (n:18) or 150mg

isoflavones daily (n:16), for a period of three months. Serum samples were collected before (baseline) and after (endpoint) treatment.

ct-* 
denotes significantly different to baseline value within group, p<0.05.



Triglyceride (mmol/ï)

Baseline Endpoint

LDL cholesterol (mmol/l)

Baseline Endpoint
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Lipoprotein (a) (m g/ dt)

Baseline Endpoint

Placebo 1.51t 0.18 t.54 !0.25 3.73 t0.35 3.50 + 0.30" 17.5 (0-79.3) 18.9 (0-72.2)

Isoflavone (75mgld) 1.55 t 0.19 1.50 r 0.17 3.35 r 0.28 3.3s t0.24 16.1 (0-62.8) 16.4 (0-72)

Isoflavone (150mg/d) 1.65 t 0.16 1.58 t 0.15 4.05 r 0.31 3.83 + 0.2s r4.0 (8.2-66.4) t6.t (6-4-64.s)

Table 6.5 The ffict of isoflavone supplementation on serum levels of Triglycerides, LDL cholesterol and Lipoprotein(a)

In a longitudinal study, postmenopausal women received either 75mgld (n:18) or 150mg/d (n:16) of isolated isoflavones or placebo

capsules (n:15) for a period of three months. Values given as Mean t SEM for triglyceride and LDL cholesterol and Median (Range) for

Lipoprotein(a). " denotes significantly different to baseline value, p<0.05.
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Total Cholesterol (mmol/l) LDL cholesterol (mmol/t) HDL cholesterol (mmol/l)

Baseline Endpoint Baseline Endpoint Baseline Endpoint

Placebo 6.77 !0.39 6.52 !0.41 4.t7 + 0.46 3.86 r 0.40" 1.87 !0.23 1.88 r 0.21

75mgld Isoflavone 6.35 t 0.18 6.26 !0.11 4.03 !0.23 3.87 r 0.14 1.49 + 0.09 1.58 + 0.09

150mg/d Isoflavone 6.67 X0.28 6.34 + 0.25 4.46 + 0.32 4.ts !0.25 1.42 !0.18 1.44 x0.t5

Table 6.6 The effect of isoflavone supplementation on serum lipids of hypercholesterolaemic postmenopausal women from Study B

þaseline cholesterol > 5.5 mmol/l).

In those women with baseline cholesterol levels >5.5mmol/l, there was no effect of isoflavones on serum lipids following three months of

supplementation. Numbers in these placebo, T5mgldand 150mg/d subgroups were n:l0, 11 and 12 respectively. Values give as Mean t

SEM. 
u 

denotes significantly different to baseline, p<0.05.
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Serum Daidzein(pÀ4) Serum Genistein (¡zil.4)

Baseline Endpoint Baseline Endpoint

Placebo 0.15 (0.07) 0.06 (0.00) 0.07 (0.04) 0'04 (0'00)

75 mgld Isoflavone 0.06 (0.00) 0.43 (0.24)" 0.09 (0.00) 0.74 (0.45)"

l50mg/d Isoflavone 0.22 (0.r3) 0.48 (0.45)" 0.21 (0.10) o.9s (0.s0)"

Tabte 6.7 Serum levels of daidzein and genisteinfollowing three months of isoflavone supplementation

Values are given as Mean (Median). For placeb o, 7 5mgld Isoflavone and 1 50mg/d Isoflavone groups, n:l5, l8 and 16 respectively

a-* 
denotes significantly different to baseline within the group, p<0.01



155

6.4 Discussion

The study examining the effect of isoflavones on LDL oxidation (Study,4) found that

supplementation with 80mg of soy isoflavones in post- and perimenopausal women

for a period of 5-10 weeks did not confer any significant protection to isolated LDL.

An effect on systemic arterial compliance \,vas seen in Study,4 of similar magnitude to

that noted with conventional hormone replacement therapy (Nestel et al. 1997),

indicating that the isoflavones were biologically active. While the model of LDL

oxidation used in our study has deficiencies, notwithstanding that it does not allow

measurement of the contribution of aqueous antioxidants present in vivo, this

oxidation model is similar to that used by Tikkanen et al (1998) in their study of soy

supplementation and LDL oxidation in healthy adults aged 20-30 years of age.

Tikkanen et al. (1998) found that consumption of soy bars (containing soy protein that

provided 57mgld of isoflavones) resulted in protection against LDL oxidation as

indicated by an increase in lag time, after only 2 weeks. In a study conducted by

Anderson et al (1998) in a rat model it was found that feeding with a soy protein

isolate rich in genistein resulted in a signihcant increase (49%) in lag time of VLDL-

LDL oxidation. In addition, a soy protein isolate low in genistein was examined and

this treatment also increased lag time (43%). This raises the possibility that there may

be an additional component of soy that either facilitates the antioxidant activity of the

isoflavones, or is solely responsible for the antioxidant effect seen by Tikkanen et al.

(199S) and Anderson et al. (1998b).

Soybean saponins, like isoflavones, are ethanol extractable components of soy.

However while they have been shown to have the ability to protect cells against
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hydrogen peroxide-mediated cell damage (Yoshikoshi et al. 1996), in the presence of

a peroxyl radical generator, soyasaponin I was not able to display antioxidant activity

(Tsujino et al. lgg4). V/hile the possibility exists that there may be an as yet

undiscovered antioxidant component of soy, there is evidence to support a role for

isoflavones as antioxidants. Previous studies in this laboratory and studies by others

have shown that the isoflavones genistein and daidzein can protect LDL from

oxidation in vitro (Hodgson et al. 1996, Kerry and Abbey 1998). However it appears

that the amounts of genistein incorporated into the LDL particle when directly

incubated with genistein in yitro, are not sufhcient to protect the particle against

subsequent oxidation (Keny and Abbey 199S). Recently it has been suggested that the

formation of isoflavone fatty acid esters may enhance the incorporation into LDL

particle to allow protection against oxidation (Meng et al. 1999). Estrogen fatty acid

esters are formed both in the blood and liver and retain potent estrogenicity (Pahuja

and Hochberg 1995), and estradiol fatty acid esters have been found to be the major

form of estradiol associated with the LDL particle (Shwaery et al. 1997). Estradiol

esters enhance resistance of LDL to oxidation, suggesting that estradiol also retains

antioxidant activity when esterified (Shwaery et al. 1997). There is currently little

known regarding the existence or activity of isoflavone-fatty acid esters. Meng et al.

(Ig9g) found that selected isoflavone-oleic acid esters enhanced the resistance of LDL

particles to oxidation, however there was no direct correlation between the

concentration of the fatty acid esters and the lag time of oxidation, suggesting that

they may not be acting by directly scavenging lipid peroxyl radicals (Meng et al.

lggg). The incorporation of the isoflavone-oleic acid esters was also quite variable

between LDL from different individuals, suggesting that some other factor such as

LDL lipid or antioxidant content may impact upon the level of incorporation (Meng et
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al. lggg). In our study (Study ,,4) subjects were asked to refrain from taking

supplements such as vitamin E or evening primrose oil, and avoid soy-based foods

Q.{estel er al. 1997). In the study by Tikkanen et al. (1998) in addition to reducing soy

intake and vitamin supplements, subjects also reduced the intake of polyunsaturated

fat by minimising vegetable oil consumption and eliminating nuts and seeds from the

diet. During the soy bar consumption period of the study, there would have been a

7.5g increase in daily fat intake, however detailed dietary information was not

reported, so what impact this may have had upon oxidation parameters cannot be

assessed (Tikkanen et al. 1998).

Animal studies suggest that isoflavones contribute significantly to the

hypocholesterolaemic effects of soy (Anthony et al. 1997, Kirk et al. 1998), although

these studies are also limited by the fact that extraction of isoflavones may result in

the removal of other components of soy. An isoflavone-containing ethanol/acetone

extract of soy has been shown to have a plateau effect in terms of cholesterol lowering

in rats and hamsters (Balmir et al. 1996), and in ovariectomised rats, the cholesterol

lowering effects of genistein plateaued over a dose range of 0.1-10mg/kg and only

resulted in a further reduction in cholesterol at doses greater than l0mg/kg (Dodge et

al.1996).

In the meta-analysis of soy protein consumption performed by Anderson et al. (1995)

it was proposed that the cholesterol lowering effect of soy was mostly due to the

isoflavones, however human trials of isolated isoflavones have yet to provide strong

evidence for this. In a study by Hodgson et al. (1998) in healthy men and

postmenopausal women, no change in lipid levels were noted following 8 weeks of
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supplementation with a 55mg/d dose of isolated clover-derived isoflavones. A similar

frnding was made by Nestel et al (1999) in mildly hypercholesterolaemic

postmenopausal women supplemented with 80mg/d of clover-derived isoflavones.

The findings of these human trials of isolated isoflavones suggest that isoflavones are

not wholly and directly responsible for the hypocholesterolaemic effect of soy. This is

further supported by a recent study in a cynomolgus monkey model by Greaves et al'

(1999) which compared intact soy protein to casein supplemented with an isoflavone

rich extract. It was found that the intact soy diet resulted in lower total and LDL

cholesterol than the casein I isoflavone diet, despite identical levels of isoflavones in

each diet (Greaves et al. 1999).

The current study (Study B) found that when examining the groups of postmenopausal

women as a whole, there was no cholesterol lowering effect of either 75mgld or

15gmg/d of isolated soy-derived isoflavones. These findings provide support for those

of Nestel et al (1997) and Hodgson et al (1998) who found no hypocholesterolaemic

effect of isoflavones at a dose of 80mg/d. Further to this, the current study

demonstrates that the lack of effect of such isoflavone supplementation alone may not

be able to be ascribed to insuffrcient dose. Results from measurement of serum

isoflavones revealed that the doubling of dose of isoflavone intake from 75 to

150mg/d only resulted in a 12-28% increase in serum isoflavone levels, suggesting

that the limit of absorption may have been reached at these high levels of

supplementation. The serum isoflavone levels achieved in the present study at a dose

of 150mg/d were similar to those seen in a study by Gooderham et al (1996) who

supplemented with soy protein containing 130mg isoflavones. This would suggest

that compliance in the current study was good and thus cannot account for the lack of
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effect in the treatment group. While glycosides (as used in the current study B) are

reportedly absorbed less effectively than the aglycone fotm (Izumi et al 2000), we are

unable to compare this to studies using aglycone supplements, which have not

examined plasma isoflavone levels post-supplementation (Hodgson et al 1998, Nestel

et al 1997,Nestel et al 1999).

Initial cholesterol levels have been found to have a powerful effect on changes seen

with soy supplementation, and it was suggested by Anderson et al. (1995) that the

hypocholesterolaemic effect of soy might only be seen in those with elevated

cholesterol levels. In the current study, in those defined as hypercholesterolaemic

(baseline cholesterol >5.5mmol/l), there remained no effect of either dose of

isoflavones on serum liPids.

In Study B there was a slight lowering of cholesterol noted in the placebo group

which is difficult to explain. Whether attitudes toward health and diet changed with

study participation was not assessed, and should be considered for future studies to

allow for further examination of such a placebo effect. We noted a significant

relationship between the lipid changes at endpoint and the baseline cholesterol levels,

and as the placebo group had the highest cholesterol levels upon commencement of

the study, this placebo effect might be explained by regression toward the mean in the

data set. There was no significant change in the total/HDl cholesterol ratio in the

placebo group, which suggests this slight cholesterol lowering was of little clinical

relevance.
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Baum et al (1998) examined the effect of soy protein containing one of two doses of

isoflavones, such that the postmenopausal hypercholesterolaemic subjects (defined by

total cholesterol between 6.2mmolll and 7.8 mmol/l) were consuming either 55mg/d

or 90mg/d of isoflavones in equal amounts of soy protein. Interestingly the control

group in the study by Baum et al (1998), had initial plasma 'non-HDL' cholesterol

levels that were lower than either of the treatment groups, and these levels were

lowered by 6% after 18 weeks of control treatment compared with a 70á lowering in

the highest isoflavone treatment group at the same time. However after 24 weeks, at

both doses of isoflavones there were significant reductions in non-HDL cholesterol

(primarily LDL+VLDL cholesterol) with no difference between the two isoflavone

doses. This may be due to a plateau effect of the isoflavones, as has been shown in

animal models (Dodge et al. 1996, Balmir et al. 1996), or may indicate that the

hypocholesterolaemic effect of soy is isoflavone independent.

Crouse et al. (1999) investigated the effects of differing amounts of isoflavones

contained within a fixed amount of soy protein, but found that only the highest dose

of isoflavones (62mg) in 25g of soy protein, was able to elicit a significant

cholesterol-lowering effect in the moderately hypercholesterolaemic subjects. This

does not support the postulation by Sirtori et al. (1997) that a protein component of

soy is entirely responsible for the cholesterol lowering effect. Clearly studies which

manipulate not only the isoflavone level, but also the protein level are required to

examine any potential interaction between soy protein and isoflavones and determine

whether either of these components of intact soy protein can be manipulated to

maximise its cholesterol lowering effect.
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Baum et al. (1998) found that a daily intake of soy protein containing either 56 mg or

90mg of isoflavones/day increased HDL cholesterol in hypercholesterolaemic

postmenopausal women with no difference in the magnitude of the increase between

the isoflavone doses. However a study by Gooderham et al. (1996) found no effect of

soy protein on HDL cholesterol concentration in normocholesterolaemic men, and a

similar finding was made by Crouse et al. (1999) in a large sample of mildly

hypercholesterolaemic men and women. Thus while it appears that the effect of soy

protein on HDL is not consistent, the current study (Srzdy B) provides fuither

evidence to support the studies suggesting that isolated isoflavones have little impact

upon HDL levels Qllestel et aI. 1999, Hodgson et al. 1998).

Studies in postmenopausal women have suggested that isoflavones can have

estrogenic effects in vivo (Albertazzi et al. 1998, Baird et al. 1995, Nestel et aI. 1997).

As estrogens are known to regulate Lp(a) levels (Berglund 1995, Tonolo et al. 1995),

the effect of the 75 and 150mg/d doses of soy isoflavones on Lp(a) levels were

examined in Study B. Average Lp(a) levels were a little higher than is often reported

(Nilausen and Meinertz 1999), which would perhaps enhance the likelihood of

showing a change, however no significant effect of either of the isoflavone doses on

Lp(a) levels was noted in the current study. In a study by Nilausen and Meinertz

(1999) it was found that Lp(a) increased 20Yo after the male subjects changed from a

selÊselected diet to a soy protein diet (p:0.065), however this study may well have

been influenced by a change in saturated fat intake when change to the soy protein

diet was made. Anthony et al. (1996) in a rhesus monkey model, found that a soy

protein isolate decreased Lp(a) in female monkeys, with no significant change noted

in male monkeys. The results of the present study suggest that soy-derived
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phytoestrogens do not affect Lp(a) levels in postmenopausal women, and provide

evidence in support of the findings from the well-controlled study by Hodgson et al.

(199S) in which isolated clover derived isoflavones (consisting mostly of genistein)

had no effect on Lp(a) in a predominantly male subject group.

The current studies provide evidence to suggest that isoflavone supplementation alone

is not able to provide protection to LDL against oxidation ex vivo, unlike that reported

for whole soy supplementation (Tikkanen et al. 1998). However the LDL oxidation

model used in this study is not able to account for the contribution of isoflavones

carried in the plasma compartment which may provide additional protection against

oxidation in vivo. Furthermore, the results of the studies presented in this thesis

suggest that isoflavones alone are unlikely to exhibit a hypocholesterolaemic effect in

post-menopausal women, with both moderate and high dose isoflavone

supplementation having no effect of plasma lipids. The dose of 150mg isoflavones/d

is equivalent to almost 4 times the reported average dietary intake for Japanese

women (Kimira et al. 1993). Currently, the long-term effects of such high dose

isoflavone supplementation are not known, this warrant funher investigation if

isoflavone supplements are to be marketed therapeutically'
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CHAPTER 7

General Discussion
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7.1 Estrogens, Phytoestrogens and LDL Cholesterol

It has been estimated that 25-50% of the reduction in CVD risk associated with

postmenopausal estrogen use can be attributed to beneficial changes in the plasma

lipid profrle, and an estrogen mediated reduction in LDL cholesterol is thought to be a

significant component of these changes (Barrett-Connor and Bush 1991). When the

present investigation examined the effect of the three major human estrogens;

estradiol, estrone and estriol, on LDL receptor activity in vitro, it was found that

estradiol displayed the greatest ability to enhance LDL receptor activity (Chapter 3).

LDL receptor activity was measured by the association and uptake of gold-labelled

LDL particles into the human hepatoma cell line, HepG2. This method was chosen as

it is safer and cheaper than comparable LDL labeling methods (e.g. Ir2s-LDL¡, and

has a CV of <l0o/o (Roach et al 1993). While measurement of LDL receptor mRNA

could also have been used, previous studies have shown that a direct correlation

between LDL receptor activity and LDL receptor mRNA does not always exist, and

without another measure of transcription, this could not be conhdently used as a

measure of LDL receptor activity. Ideally LDL receptor activity, LDL receptor mass

and LDL receptor mRNA should be used in conjunction to get a comprehensive

picture of LDL metabolism in the cell model. In the studies presented here, the ability

of estrogens to increase LDL receptor activity parallels both the estrogenic and

antioxidant activities of estradiol relative to estrone and estriol (Jordan and Koch

1989, Shwaery et al. 1998), and thus the relative contribution of the estrogenic and

antioxidant activities toward upregulation of LDL receptor activity cannot be

distinguished from the current study. Further work examining estradiol-mediated LDL

receptor regulation in HepG2 cells in the presence of a free radical generator, such as
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2,2 azobis (2-amidinopropane) dihydrochloride, may help in determining the relative

contributions of estrogenic and antioxidant activities to this effect. For whatever

reason, it is of interest to note that the abilities of estradiol and estrone to regulate

LDL receptor activity in vitro were found to be markedly different in the current

study. This may potentially have an impact in situations where there may be

differences in the balance of estradiol:estrone, such as is seen in lean versus obese

men (Tchernof et al. 1995), and where the activities of the sex hormone modifying

enzymes aromatase and l78-hydroxysteroid oxidoreductase may influence local

estrogen levels.

In a previous cross-sectional study we found that postmenopausal women not using

HRT had lower LDL receptor activity than those using HRT (Abbey et al 1999). The

present longitudinal investigation of HRT in postmenopausal women noted a decrease

in LDL cholesterol levels, but this was not reflected in an increase in mononuclear

cell LDL receptor activity (Chapter 4). This provides evidence to support the finding

by Colvin (1996) of an estrogen-mediated increase in LDL receptor independent

catabolism of LDL, although the aforementioned catabolic pathways have yet to be

fully elucidated. Caution should also be used in examining these results as it has yet to

be conclusively shown that both mononuclear cells and the liver display the same type

of estrogen receptor, and so will have the same co-ordinate responses to estrogens'

In the current investigations a number of phytoestrogens were found to increase LDL

receptor activity in vitro (Chapter 3). Again, as with the estrogens, what proportions

of the LDL receptor activity upregulation can be attributed to antioxidant and

estrogenic activities is difhcult to determine, as for example, the most estrogenic of
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the phytoestrogens, coumestrol, was also the most potent antioxidant. The isoflavones

daidzein, biochanin A and formononetin all exhibited the ability to increase LDL

receptor activity. This finding is of interest when examining the literature relating to

the hypocholesterolaemic effects of dietary soy protein. There is currently much

debate as to which component of soy is mediating the cholesterol lowering effect

(potter lggs),for which the main candidates appear to be either the isoflavones and a

protein component of soy. It is interesting to note that in the study by Baum et al.

(1998), which looked at two different doses of isoflavones in a standard amount of

soy protein, no difference in either cholesterol lowering or mononuclear cell LDL

receptor activity was noted between the two isoflavone doses, whereas studies using

varying amounts of soy isoflavones in a fixed soy protein mass suggested a dose

response effect on cholesterol levels (Crouse etal 1999). The present investigations of

isolated isoflavones at two different moderate-high doses found no significant effect

upon cholesterol levels. However a significant placebo effect was noted which might

be manifestation of regression toward the mean in the data set, but clearly reinforces

the importance of the placebo group in such studies (Chapter 6).

Animal studies have demonstrated the importance of isoflavones and functional LDL

receptors in the cholesterol-lowering effect of soy, but as demonstrated in the current

thesis, isoflavones alone are not able to mediate this hypocholesterolaemic effect.

This suggests at least two possibilities; 1) that there may be an interaction of the

isoflavones with some other component of soy, or 2) that an as yet undiscovered

bioactive compound is present in soy that is extractable in exactly the same manner as

isoflavones. Studies able to manipulate the isoflavone content of soy by adding
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purified isoflavones should be most useful in elucidating the mechanisms mediating

the cholesterol-lowering effect of soy

7.2 Estrogens, Phytoestrogens and LDL oxidation

There is considerable disparity between studies examining the effect of HRT on LDL

oxidation, which does not appear to be able to be accounted for by differences in dose

or type of HRT (Chapter 4.4). The present investigations found no evidence that

postmenopausal hormone replacement therapy has an effect oî 'ex vivo' LDL

oxidation (Chapter l). This method of examining LDL oxidation is limited by the fact

that is not able to take into account the contribution of non LDl-associated estrogen.

As only 2-3% of plasma estrogen has been estimated to be carried in LDL

(Leszczynski and Schafer 1989), this obviously reduces the sensitivity of the ex vivo

LDL oxidation method. However as some have found effects of exogenous estrogen

on LDL oxidisability using these methods (Schroder et al. 1996, Sack et al. 1994,

Wakatsuki et al. 1998), this suggests that work is needed to examine what effect small

changes in LDl-estrogen concentrations ln vivo may have upon LDL oxidisability.

Recently a study by Hoogerbrugge et al. (1998) found that while estrogen

replacement therapy did not alter the ex vivo oxidisability of LDL, there was a

significant reduction in the concentration of plasma antibodies against an epitope of

oxidised LDL. New biomarkers of LDL oxidation such as that examined by

Hoogerbrugge et al. (1998), and isoprostanes (Witztum and Berliner 1998) provide

promise for increased sensitivity in examining LDL oxidation.
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In addition to the lack of effect of HRT on LDL oxidisability, the current studies also

found no effect of isolated isoflavones on ex vivo LDL oxidation (Chapter d). These

findings are in contrast to those of Tikkanen et al. (1998) who found that soy

supplementation, with a slightly lower isoflavone level to that of the present study,

decreased LDL oxidisability as measured using a similar ex vivo LDL oxidation

method. It has recently been suggested that the presence of isoflavone fatty acid esters

within the LDL particle may be mediating the antioxidant effect (Wang et al. 1999).

V/hether the whole soy consumption (as opposed to the isolated isoflavone

supplementation used in the present study) can enhance the production of isoflavone

fatty acid esters has yet to be established. There is also the possibility that there may

be a novel antioxidant contained within whole soy that can account for the difference

between the present study and that of Tikkanen et al. (1998).

7.3 Estrogens, Phytoestrogens and Lp(a)

The present investigation found that postmenopausal HRT reduced levels of the

atherogenic Lp(a) (Chapter 4). The effect of phytoestrogens on Lp(a) is less clearly

defined, and given the sensitivity of Lp(a) to hormonal regulation (Zysow et aI. 1997),

is likely to be confounded by the relative estrogenicity/antiestrogenicity of the

isoflavones. This in turn is likely to be influenced by the levels and types of

endogenous steroids in the population being examined. In postmenopausal women,

the current studies found no effect of isolated soy isoflavones on Lp(a) (Chapter 6),

however it appeared that flaxseed, containing significant amounts of phytoestrogenic

lignans, may influence Lp(a) levels in men (Chapter 5). However further studies with

isolated lignan supplementation would need to be undertaken to determine whether
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these lignans were indeed mediating the Lp(a) elevating effect. Such studies seem

warranted given the apparent rise in popularity of phytoestrogen-containing foods and

supplements.
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Appendix

The enterodiol and enterolactone levels in urine were measured by Dr Wayne Luderer

(CSIRO Human Nutrition) using a method based on that of Fotsis et al. (1982). Briefly,

10ml aliquots were taken from a 24 hour urine collection (to which ascorbic acid had

been added). Lignans were extracted from the samples through C18 solid phase

cartridges and Sephadex columns and then the extracted sample was hydrolysed, re-

extracted using C18 cartridges and derivatised. The enterodiol and enterolactone

concentrations of the sample extracts were determined by gas chromatography, using a

Hewlett-Packard 5711 with a 0.53mm x 15m bonded phase vitreous silica column,

hydrogen carrier gas at a flow rate of 5.5m1/min, and a temperature program

incrementing from 200 oC to 300oC a rate of 8oC/min. The method utilised 5ct-cholestane

as an internal standard.

Urinary excretion of enterolactone and enterodiol was expressed as pmoles excretedl24

hours. Both enterolactone and enterodiol excretion increased markedly with flaxseed

supplementation, as shown in the frequency distributions presented on page 177 .
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