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ABSTRACT

Mild hyperhomocysteinaemia occurs commonly in individuals in the general population and
has been associated with increased risk of developing atherosclerosis and coronary artery
disease. Mutations in the enzymes regulating homocysteine metabolism have been associated
with elevated plasma homocysteine levels. There are three main enzymes involved in
homocysteine metabolism; Methylenetetrahydrofolate reductase (MTHFR), that is involved
in the remethylation pathway, Methionine synthase (MS) that is also involved in the
remethylation pathway and Cystathionine beta synthase (CBS) that is involved in the
transsulphuration pathway.

Healthy middle aged men, from eight general practices across Britain (Northwick Park Heart
Study II) were examined for plasma homocysteine levels and genotyped for the C677T
polymorphism in the MTHFR gene, the 68 bp insertion polymorphism in exon 8 of the CBS
gene and the A2756G polymorphism in the MS gene. Genotype at all three loci were
associated with differences in plasma homocysteine level. Individuals homozygous for the
MTHFR 677T allele had highest median homocysteine levels when compared to the other
two genotypes (p<0.001). The raising effect associated with homozygosity for the 677T allele
was greater in men in the lowest quartile of folate (interaction p=0.02). Furthermore there
was an interaction between MTHFR and CBS genotypes and between MS and CBS
genotypes. Age, folate, B12 and smoking explained 24.2% of the variance while the three
genotypes combined and with interaction terms explained an additional 3.8%. This
interaction between CBS genotype and MTHFR and MS genotypes points to a key role of the
CBS transsulphuration pathway in the metabolism of homocysteine that may be particularly
important in subjects with low dietary folate.
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Elderly men and women from two towns, of contrasting risk of developing of coronary artery
disease, Dewsbury and Maidstone, were examined for plasma homocysteine levels and
genotyped for the C677T and the A1298C polymorphisms in the MTHFR gene. Plasma
homocysteine levels were significantly higher in men from the coronary artery disease high
risk town of Dewsbury than in the low coronary artery disease risk town of Maidstone
(p<0.001), but not in women. Women in both towns had significantly lower plasma
homocysteine than men. There was no difference between towns in plasma folate or B12
levels but the conventional inverse relationship with plasma homocysteine was seen. There
was a significantly higher number of males homozygous for the 677T allele in Dewsbury
than in Maidstone; 12.8 % vs. 6.7% respectively (p=0.05). Similar frequency difference for
homozygosity were seen for women; 13.3% vs. 8.0% (p=0.05) suggesting a true regional
frequency difference. The regional differences in plasma homocysteine levels were still
present after the adjustment for folate levels, B12 levels, smoking and the effect of the C677T
polymorphism. These observations may have a bearing on regional differences in plasma
homocysteine levels and the variation in coronary artery disease risk between regions in the
UK.

The degree of reduction of homocysteine levels after administration of folic acid from
different sources was examined in relation to common polymorphisms that have been
identified in the MTHFR gene. Fifty-nine subjects from New Zealand received similar doses
of folic acid in different forms, i.e. synthetic supplements, fortified cereals and fruits. The
most effective way to lower homocysteine levels was through administration of synthetic
supplements of folate. The genotype response to folate administration was examined and it
was concluded that individuals with the thermolabile variant have a more profound response
than any of the other genotypes after folate administration for 12 weeks. However, the
IV

homocysteine levels at the end of the intervention period were very similar between groups
that received the same folate treatment irrespective of genotype.

A human genomic library was constructed and used to identify a 1129 base sequence
upstream of exon 1 of the MTHFR gene. The sequence contained none of the elements
traditionally present in a promoter region. This region was amplified as six continuous PCR
products, which were analysed by Single Strand Conformation Polymorphism method. A
single base polymorphism (G—>A) was identified at position -688 relative to the ATG start
codon of exon 1. Four hundred and eighteen individuals from the Nortwich Park Heart Study
II were genotyped for this polymorphism and the frequency of the rare allele A was 0.15
(95% Cl 0.13-0.18). No significant association was detected with respect to homocysteine,
folate or B12 levels and no interactions with the C677T polymorphism on the same gene or
with the 68bp insertion on the CBS gene and the A1275G polymorphism on the MS gene
were found. This polymorphism does not have any profound effect on homocysteine
regulation.

V

ACKNOWLEDGEMENTS

The three years of my PhD have been the most enjoyable and intense of my life so far. I am
very grateful to all my colleagues and friends who stood by me throughout this time and
made it a wonderful and enriching experience.

In particular, I would like to thank; Professor Steve Humphries for giving me the opportunity
to pursue a higher degree in science and for his guidance and supervision. My supervisor, Dr
Vilmundur Gudnason, without his continuous encouragement, motivation, guidance and
sense of humor this thesis would have never materialized. I am also grateful to all of the
people at the Department of Cardiovascular Genetics who I have had the pleasure to work
with and who have been very supportive, teaching me numerous new techniques and helping
me throughout my PhD.

I would like to thank; Dr David Stansbie, Dr Richard Nichols, Dr Anne Temple and Dr Adam
Lacy-Hulbert for proof reading the script and for all their valuable comments and
suggestions.

Thanks to all my friends, and there are so many, that tolerated my Mediterranean
temperament and shared my passion for non-science related activities. Despina, Dena and
Ahmed, your friendship is so important to me, Eleni, for broadening my cultural horizons,
Sophia, for organizing great parties, Spiros for all the breaks and coffees we had together,
Harinder for all the shopping trips, the fun and the laughter.

VI

Tony, million heartfelt thank yous for being my anchor and for bringing so much joy and
happiness into my life, all those years of hard labour

My family, my little sister Vasia for always being there for me and for accommodating my
bad moods. My mum and dad, without all their sacrifices all those years of my studies, I
would have never been where I am now. I owe you so much.

VII

TABLE OF CONTENTS
Page
Title

I

Abstract

III

Acknowledgements

VI

Table of contents

VIII

List of tables

XVI

List of figures

XIX

List of abbreviations

XXI

Chapter 1: Introduction
1.1 Coronary Artery Disease (CAD)

1

1.2 Atherosclerosis

3

1.2.1 Pathogenesis of atherosclerosis

3

1.2.2 Risk factors in coronary artery disease

5

1.2.2.1 Age

6

1.2.2.2 Gender

7

1.2.2.3 Family history

7

1.2.2.4 Obesity

7

1.2.2.5 Lack of exercise

8

1.2.2.6 Smoking

8

1.2.2.7 Alcohol

9

1.2.2.8 Diet

9

1.2.2.9 Total and LDL-cholesterol

10

1.2.2.10 High density lipoprotein

10

1.2.2.11 Triglycerides

11

1.2.2.12 Diabetes

11

1.2.2.13 Hypertension

12

1.2.2.14 Haemostatic factors

12

1.2.2.15 Lipoprotein (a)

12

1.3 Hyperhomocysteinaemia: an independent risk factor for coronary artery disease
1.3.1 H o m o cy stein e m etab o lism
1.4 Homocysteine measurement and levels

13
14
19

VIII

1.4.1 Methionine loading test

20

1.4.2. Sample collection

21

1.4.3. Reference values

22

1.4.4. Detection methods

22

1.5 The role of vitamins on homocysteine levels

23

1.5.1 Folate

24

1.5.2 Vitamin B 12

26

1.5.3 Association of homocysteine with vitamins

26

1.6 Genetics of homocysteine

29

1.6.1 Cystathionine beta synthase (CBS)

30

1.6.2 Methylenetetrahydrofolate reductase (MTHFR)

37

1.6.3 Methionine Synthase (MS)

43

1.7 Pathophysiology of hyperhomocysteinaemia

47

1.7.1 Endothelium

48

1.7.2 Platelet Dysfunction

49

1.7.3. Coagulation-Clotting

51

1.7.4 Arterial wall

52

1.8 Homocysteine as a risk factor and association with other risk factors
1.8.1 Other factors

52
57

1.9 Animal models

58

1.10 Aims of the proj ect

60

Chapter 2: Materials and Methods
2.1 DNA extraction

61

2.1.1 DNA extraction from blood, ‘salting out’ method

61

2.1.2 Cell lysis

61

2.1.3 DNA precipitation

62

2.1.4 Dissolving the DNA

62

2.1.5 Determining DNA concentration

63

2.1.6 Storage of DNA

63

2.2 Polymerase Chain Reaction (PCR)

63

2.2.1 High throughput PCR

63

2.2.2 Oligonucleotide sequence for common polymorphisms genotyped
IX

64

2.2.3 Oligonucleotidesequence for amplifying the novel 1129bp sequence

64

identified
2.2.4 PCR of MTHFR C677T polymorphism

65

2.2.5 PCR of MTHFR A1298T polymorphism

65

2.2.6 PCR of the 68 bp INS polymorphism

66

2.2.7 PCR for MS A2756G polymorphism

66

2.2.8 PCR conditions for the fragments amplified within the novel sequence

66

identified upstream of exon 1 of the MTHFR gene
2.3 Detection of sequence variation

67

2.3.1 Hinfl digestion of the MTHFR C677T product

67

2.3.2 MboII digestion of the MTHFR A1298C product

68

2.3.3 Detection of the 68bp INS polymorphism

68

2.3.4 Hae III digestion of the MS A2756G product

68

2.3.5 Alw44I digestion of the MTHFR -G688A product

68

2.4 Gel electrophoresis

68

2.4.1 Agarose gel electrophoresis

68

2.4.2 Microtitre array diagonal gel electrophoresis (MADGE)

69

2.4.3 Polyacrylamide gel electrophoresis (PAGE)

70

2.5 Detection of DNA

70

2.5.1 Ethidium bromide (EtBr)

70

2.5.2 Autoradiography

71

2.6 Single Strand Conformation Polymorphism (SSCP)

73

2.6.1 Gel preparation

73

2.6.2 Gel conditions

74

2.6.3 Radioactive labelling of the PCR product

74

2.6.4 Gel loading

75

2.6.5 Confirmation of SSCP variation

75

2.7 DNA sequencing

75

2.7.1 Purification of the PCR amplified template
2.7.1.1 PCR purification from low melting point agarose gel after

76
76

electrophoresis for sequencing
2.7.2 Purification of PCR products using a microcentrifuge

76

2.7.3 PCR fragments and sequencing primers

77

X

2.8 Sequencing Protocols

77

2.8.1 Sequencing from a double stranded PCR product

77

2.8.2 Annealing of the template to the primer

78

2.8.3 Purification of samples after Cycle sequencing reaction to be loaded onto

78

the gel
2.8.4 Preparation of sequencing gel and loading of samples
2.9 Chromosome Walking

79
79

2.9.1 Digest of genomic DNA with rare restriction enzymes

81

2.9.2 Precipitation of digested DNA

81

2.9.3 Preparation of the adaptor stock

82

2.9.4 Ligation of digested DNA to the adaptor

83

2.9.5 Nested PCR

83

2.10 Cloning

84

2.10.1 Standard Tailing Procedure

84

2.10.2 Ligation into a pGEM-T vector

85

2.10.3 Preparation of competent cells

85

2.10.4 Screening transformants for inserts

86

2.10.5 Preparation of LB plates with ampicillin/IPTG/X-Gal

86

2.10.6 Transformation of ligation reactions using the pGEM-T vector

87

2.10.7 Isolation of recombinant plasmid

88

2.10.8 Elution of recombinant plasmid

88

2.10.9 Confirmation of the presence of transformants

88

2.11 Population samples

89

2.11.1 Northwick Park Heart Study (NPHS-II) sample

89

2.11.2 The British Regional Heart Study (BRHS) sample

90

2.11.3 The New Zealand sample

91

2.12 Homocysteine, folate and B 12 measurements
2.12.1 Homocysteine measurements for the NPHSII
2.12.1.1 Folate and B 12 measurements for the NPHSII
2.12.2 Homocysteine measurements for the BRHS
2.12.2.1 Folate and B 12 measurements for the BRHS
2.12.3 Homocysteine measurements for the New Zealand Study
2.12.3.1 Folate and B 12 measurements for the New Zealand Study
XI

91
91
92
92
92
92
93

2.13 Statistical analysis

93

Chapter 3: Gene-Environment and Gen e-Gene Interaction in the Determination of
Plasma Homocysteine Levels

Summary

94

3.1 Introduction

96

3.2 Material and Methods

98

3.2.1 Subjects

98

3.2.2 Blood collection and measurements

98

3.2.3 DNA extraction and genotyping

98

3.2.4 Statistical Analysis

98

3.3 Results

100

3.3.1 General characteristics of the sample

100

3.3.2 Analysis according to smoking status, age and BMI

102

3.3.3 Analysis according to genotype distribution and frequencies

103

3.3.4 Analysis of homocysteine, folate and B12 levels according to

104

genotype
3.3.5 Genetic interaction analysis

112

3.3.6 Gene-environment interaction

116

3.3.7 Association between MTHFR, CBS and MS genotypes and risk

118

ofCHD
3.4 Discussion

Chapter 4:

119

The

effect

of the C677T

and

A1298Cpolymorphisms

in the

methylenetetrahydrofolate reductasegene on plasma homocysteine levels inelderly men
and women from the British Regional Heart Study

Summary

131

4.1 Introduction

133

4.2. Materials and Methods

136

4.2.1 Subjects

136

4.2.2 Blood collectionand measurements
XII

136

4.2.3 DNA extraction and genotyping

136

4.2.4 Statistical analysis

136

4.3 Results

137

4.3.1 Physical and biochemical characteristics of the sample

137

4.3.2 Effect of smoking on homocysteine, folate and B12 levels

139

4.3.3 Homocysteine levels by town

139

4.3.4 Allelic frequencies of the C677T and A1298C polymorphisms

142

4.3.5 Effect of the C677T polymorphism in the MTHFR gene on homocysteine,

142

folate and B12 levels
4.3.6 Effect of the A1298C polymorphism in the MTHFR gene on

146

homocysteine, folate and B12 levels
4.3.7 Regression analysis

148

4.4 Discussion

149

Chapter 5: Increased folic acid lowers plasma homocysteine levels irrespective of
MTHFR polymorphism

Summary

160

5.1 Introduction

162

5.2: Materials and Methods

165

5.2.1 Subjects

165

5.2.2 Study design

165

5.2.3 Diet

166

5.2.4 Blood collection and measurements

166

5.2.5 DNA extraction and genotyping

166

5.2.6 Statistical analysis

166

5.3 Results

168

5.3.1 General characteristics of the sample

168

5.3.2 Allelic frequencies of the C677T and A1298C polymorphisms

169

5.3.3 No evidence of interaction between the C677T and A1298C variants

169

of the MTHFR gene

XIII

5.3.4 Plasma homocysteine, serum folate, red cell folate and serum B12 levels

171

at recruitment according to genotype
5.3.5 Effect of genotype on response to dietary intervention

174

5.3.6 Profound effect of the 677TT genotype of the MTHFR gene in subjects

177

with highest homocysteine levels
5.3.7 Biochemical and genetic determinants of plasma homocysteine levels

178

5.3.8 Regression analysis

179

5.4 Discussion

182

Chapter 6; Isolation of putative MTHFR promoter sequence, identification of
polymorphism and association with homocysteine levels

Summary

194

6.1: Introduction

195

6.2 Materials and methods

200

6.2.1 Generation of genomic library

200

6.2.2 Preparation of the adaptor stock

200

6.2.3 Nested PCR

200

6.2.3.1 Purification of PCR fragment
6.2.4 Cloning into pGEM-T vector

201
201

6.2.4.1 Preparation of competent cells

202

6.2.4.2 Preparation of LB plates with ampicillin/IPTG/X-Gal

202

6.2.4.3 Transformation of ligation reactions using the pGEM-T

202

vector, isolation of recombinant plasmid, elution of recombinant
plasmid and confirmation of the presence of transformants
6.2.5 Sequencing of recombinant plasmid

202

6.2.6 Single Strand Conformation Polymorphism (SSCP) analysis

202

6.2.7 Identification of novel polymorphism and sequencing of the fragment

203

6.2.7.1 Creation of restriction site

203

6.2.7.2 Amplification of fragment C

203

6.2.7.3 Alw44I digestion of the Fragment C

203

6.2.8 Population sample

203
XIV

6.3 Results

204

6.3.1 Construction o f genomic library

204

6.3.2 Nested PCR

205

6.3.3 Results of the cloning experiments

207

6.3.3.1 Transformation efficiency and production of colonies

207

6.3.4 Results of the sequencing of the recombinant plasmid

209

6.3.5 Results from the Single Strand Conformation Polymorphism (SSCP)

210

analysis
6.3.6 Results of the sequencing reaction

213

6.3.7 Confirmation o f the single base change with restriction digest

216

6.3.8 Association studies of the -G688A polymorphism

216

6.3.8.1 General characteristics of the sample

216

6.3.8.2 Analysis according to genotype distribution and frequencies

217

6.3.8.3 Association between genotype and homocysteine, folate and

217

B12 levels
6.3.8.4 Gene-gene interaction

219

6.3.8.5 Gene-environment interaction

219

6.4 Discussion

220

Future directions

282

Appendix

231

Reference List

232

XV

List of tables
Page
Table 1.1

Modifiable and non-modifiable risk factors that are associated with 6
increased risk of coronary artery disease

Table 1.2

Causes of homocystinuria

15

Table 1.3

Homocysteine detection methods

23

Table 1.4

Factors associated with phenotypic variability in homocysteinuria

34

Table 1.5

Modified lipid and total homocysteine risk factors, relative risk (RR), and 55
population attributable % risk for CAD (% risk for CAD)

Table 1.6

Relative risk from elevated homocysteine

56

Table 2.1

Oligonucleotides used for the amplification of common polymorphisms

64

Table 2.2

Oligonucleotide sequence for amplifying the novel 1129bp sequence 65
identified upstream of exon 1 of MTHFR gene

Table 2.3

Internal antisense primers in exon 1 of the MTHFR gene

83

Table 2.4

Ligation reactions set up using the pGEM-T vector

85

Table 3.1

Characteristics of 1471 men with homocysteine median values and

100

interquartile range
Table 3.2

Homocysteine, folate and B12 median values and interquartile range for

101

each town
Table 3.3

Plasma homocysteine, folate and B12 median values with interquartile

102

range according to smoking status
Table 3.4

Genotype distribution and frequency of the rare allele for MTHFR

103

C677T, CBS 68bp I/D and MS A2756G
Table 3.5

Unadjusted plasma homocysteine, folate and B12 median values with

105

interquartile range according to MTHFR, CBS, and MS genotypes
Table 3.6

Coefficients (p) from multiple linear regression models relating plasma

117

homocysteine levels (transformed as 1/Vhomocysteine) to age, smoking
status, plasma levels of B12 and folate and genotypes for MTHFR, CBS
and MS with interaction terms.
Table 3.7

Genotype distribution and hazard ratio of a CHD event due to genotype

118

for MTHFR C677T, CBS 68bp insertion and MS A2756G
Table 4.1

Studies reporting homocysteine levels in elderly men and women

134

Table 4.2

Characteristics of the cohort by gender

138

XVI

Table 4.3

Correlation matrices for men and women

138

Table 4.4

Total serum homocysteine, serum folate and B12 (geometric mean, 95%

140

Cl) by smoking status and gender
Table 4.5

Total serum homocysteine, serum folate and B12 (geometric mean, 95%

141

Cl) by town and gender
Table 4.6

Total serum homocysteine, serum folate and B 12 (geometric mean, 95%

144

Cl) according to C677T genotype
Table 4.7

Total serum homocysteine, serum folate and B12 (geometric mean, 95%

147

Cl) according to A1298C genotype
Table 4.8

Total serum homocysteine (geometric mean, 95% Cl) in subjects with

148

combined C677T and A1298C genotypes
Table 5.1

Complications related to folate deficiency other than hematological

163

Table 5.2

Characteristics of the sample at recruitment. Values are Mean (SD) unless

168

otherwise stated
Table 5.3

Plasma homocysteine, serum folate, red cell folate and serum B12 levels,

170

at recruitment, according to MTHFR genotypes. Values are geometric
mean (95% Cl), unless otherwise stated
Table 5.4

Plasma homocysteine, serum folate, red cell folate and serum B12 levels

172

at recruitment according to genotype. Values are geometric mean (95%
Cl) unless otherwise stated
Table 5.5

Change in plasma homocysteine, serum and red cell folate during the

176

intervention period according to MTHFR genotype. Values are geometric
mean (95% Cl) unless otherwise stated
Table 5.6

Change in plasma homocysteine levels during the intervention period in

177

subjects with baseline levels greater than the mean (11.6 p.mol/1). Values
are geometric mean (95% Cl)
Table 5.7

Correlation coefficients of variables associated with plasma homocysteine

178

and serum folate at recruitment
Table 5.8

Correlation coefficients of variables associated with change in plasma

179

homocysteine and serum folate levels
Table 5.9

Multiple regression analysis of recruitment plasma homocysteine levels

181

and change in plasma homocysteine levels
Table 6.1

Combination of primers used for nested PCR
XVII

205

Table 6.2

Results of the transformation reaction

208

Table 6.3

Genotype distribution and allele frequency for the -G688A polymorphism

217

Table 6.4

Plasma homocysteine, folate and B12 median values with interquartile

217

range with respect to -G688A polymorphism

XVIII

List of figures
Page
Figure 1.1

Methionine metabolism in mammals

17

Figure 1.2

Pathways involved in the production of methyltetrahydrofolate and

19

regeneration of homocysteine to form methionine
Figure 2.1

Picture of a MADGE gel. Results presented are from genotyping

72

samples for the C677T polymorphism. Positive (+) and negative (-)
controls also presented
Figure 2.2

Principle behind chromosome walking using a ‘vectorette ‘ method

80

Figure 3.1

Distribution of homocysteine levels in men of different MTHFR

106

genotypes
Figure 3.2

Median homocysteine levels in folate quartiles according to MTHFR

109

C677T genotype (after adjustment for age and smoking status).
Figure 3.3

Median Homocysteine levels in folate quartiles according to CBS 68

110

bp genotypes
Figure 3.4

Median Homocysteine levels in folate quartiles according MS

111

A2756G genotypes.
Figure 3.5

Median Homocysteine levels in men with different combinations of

113

MTHFR C677T and CBS 68 bp genotypes (after adjustment for age
and smoking status)
Figure 3.6:

Median Homocysteine levels in men with different combinations of

114

MS A2756G and CBS 68 bp I/D genotypes.
Figure 3.7

Median Homocysteine levels in men with different combinations of

115

MTHFR C677T and MS genotypes.
Figure 4.1

Distribution of 677TT individuals in highest and lowest homocysteine

145

quartiles
Figure 5.1

Schematic presentation of the New Zealand intervention study.

165

Figure 5.2

Correlation between plasma homocysteine and serum folate levels at

174

recruitment according to MTHFR genotype
Figure 6.1

The sequence of the walking adaptor and the adaptor primers

198

Figure 6.2

The suppression PCR effect

198

Figure 6.3

Sequence of exon 1 and position of primers used

201

Figure 6.4

Digest of genomic DNA with enzymes Seal, PvuII, EcoRV and Dral

204

XIX

Figure 6.5

Digest of genomic DNA with enzymes Ssp I, EcoR I, Xho I, Bam HI,

205

Hind III and Bgl II
Figure 6.6a

Results of nested PCR using enzymes Scall and

PvuII and

206

Dral and

206

Results of nested PCR using enzymes SspI, EcoRI, Xho I, Bam HI,

207

combination of primers 1, 2, 3 and 4
Figure 6.6b

Results of nested PCR using enzymes EcoRV and
combination of primers 1,2,3 and 4

Figure 6.7

Hind III and Bgl II and primers AP1-P310, AP2-P136
Figure 6.8

Double digest of the plasmid using enzymes Sac II and Spe I.

209

Figure 6.9

Complete sequence of the 1129 base long fragment identified

210

Figure 6.10

Complete sequence of the fragment identified and position of primers

212

Figure 6.11

SSCP analysis of the C fragment

213

Figure 6.12

Sequence of fragment C and position of primers

214

Figure 6.13a

Results of the sequencing reaction of fragment C of a wild type

215

sample
Figure 6.13b

Results of the sequencing reaction of fragment C of a mutant type

215

sample
Figure 6.14

Digest of PCR product of fragments C using the Alw44I enzyme

216

Figure 6.15

Homocysteine levels in different folate quartiles according to

218

-G688A genotype

XX

List of abbreviations
AdoMet

S-adenosyl-methionine

APS

Ammonium persulphate

ATP

Adenosine triphosphate

BMI

Body mass index

BRHS

British regional heart study

CAD

Coronary Artery Disease

CBS

Cystathionine beta synthase

cDNA

Complementary DNA

CHD

Coronary Heart Disease

CRYA1

Alpha A crystallin

DHFR

Dihydrofolate reductase

DNA

Deoxyribonucleic acid

EARSII

European Atherosclerosis research study II

ECG

Electrocardiogram

EDRF

Endothelium derived relaxing factor

EDTA

Ethylenediaminetetra acetic acid

EST

Expressed sequence tag

EtBr

Ethidium bromide

FAD

Flavin adenine dinucleotide

FDA

Food and drug administration

FH

Familial hypercholesterolaemia

g

gram(s)

GTP

Guanosine triphosphate

HDL

High density lipoprotein

HH(e)

Hyperhomocysteinaemia

HMG-CoA

3-hydroxy-3-meth>j-glutaryl Coenzyme A

HPLC

High prepare liquid chromatography

HR

Hazard ratio

HRT

Hormone replacement therapy

HTL

Homocysteine thiolactone

IDL

Intermediate density lipoprotein

IHD

Ischaemic heart disease
XXI

IQ

Intelligence quotient

kb

kilobase

1

litre(s)

LDL

Low density lipoprotein

LDL-C

Low density lipoprotein cholesterol

Ln

Natural logarithm

Lp(a)

Lipoprotein (a)

LR

Likelihood ratio

MADGE

Microtitre array diagonal gel electrophoresis

MeCbl

Methylcobalamin

MI

Myocardial infarction

Hg

Microgram (s)
Microlitre (s)

mg

Milligram (s)

ml

Millilitre (s)

MMA

Methylmalonic acid

mRNA

Messenger RNA

MS

Methionine synthase

MSR

Methionine synthase reductase

MTHFR

Methylenetetrahydrofolate reductase

MTR

Methyltransferase

MUFA

Mono-unsaturated fatty acids

NADP+

Nicotinamide adenine dinucleotide phosphate

NIDDM

Non-insulin-dependent-diabetes mellitus

NO

Nitric oxide

NPHSII

Northwick Park Heart Study II

NTD

Neural tube defects

OD

Odds ratio

PAI-1

Plasminogen activator inhibitor 1

PCR

Polymerase chain reaction

PLP

Pyridoxal 5f phosphate

PUFA

Poly-unsaturated fatty acids

RBC

Red blood cell
XXII

RDA

Recommended daily allowance

RNA

Ribonucleic acid

SAFA

Saturated fatty acids

SD

Standard deviation

SDS

Sodium dodecyl sulphate

sec

Second (s)

SSCP

Single strand conformation polymorphism

Taq

Thermus aquaticus thermostable DNA polymerase

TE

Tris-EDTA

TEMED

NNN'N'-T etramethylethylenediamine

UTR

Untranslated region

UV

Ultraviolet light

VLDL

Very low density lipoprotein

vWf

von Willebrand factor

WHO

World Health Organisation

XXIII

The following abbreviations for the nucleotide bases of DNA are used:
A

Adenine

C

Cytosine

G

Guanine

T

Thymine

The following three-letter abbreviation and one letter codes are used for amino acids:
AMINO ACID

THREE-LETTER

ONE-LETTER ABBREVIATION

ABBREVIATION
Alanine

Ala

A

Arginine

Arg

R

Asparagine

Asn

N

Aspartic acid

Asp

D

Cysteine

Cys

C

Glutamine

Gin

Q

Glutamic acid

Glu

E

Glycine

Gly

G

Histidine

His

H

Isoleucine

lie

I

Leucine

Leu

L

Lysine

Lys

K

Methionine

Met

M

Phenylalanine

Phe

F

Proline

Pro

P

Serine

Ser

S

Threonine

Thr

T

Tryptophan

Trp

W

Tyrosine

Tyr

Y

Valine

Val

V

XXIV

Chapter 1: Introduction

1.1 Coronary Artery Disease (CAD)

Cardiovascular diseases account for about half of all premature deaths amongst men in
developed countries and a similar pattern is emerging in developing countries. Apart from
substantial decrease in life expectancy, these diseases account for considerable morbidity.
Cardiovascular diseases are multifactorial and depend upon genetic and environmental factors
and reflect the way people live and their economic, social and environmental circumstances.
There are many factors associated with increased risk of developing CAD and could be
divided into the non-modifiable factors, such as age, male gender, family history and into the
modifiable risk factors such as cholesterol, increased low density lipoprotein (LDL)
cholesterol, decreased high density lipoprotein (HDL) cholesterol, diabetes mellitus,
homocysteine, cigarette smoking, hypertension and obesity.

The risk factor concept evolved from epidemiological studies of CAD conducted in the 1950s
and 1960s in Western countries. Prospective studies demonstrated a consistent association of
characteristics observed in apparently healthy individuals with the subsequent incidence of
CAD in the same individuals. These characteristics are usually denoted risk factors, defined
as a measurable trait that predicts the individual’s probability of developing CAD. A
clustering of CAD in certain families has been consistently observed (Myers et al 1990). It is
likely that both a shared environment (e.g. diet and smoking) and genetic factors explain this
clustering. A large number of clinical studies have provided evidence for a substantial
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contribution of genetic factors to the individual variation of almost all risk factors. The nature
of these genetic factors remains largely unknown. It is generally thought, that multiple genes
serve regulatory functions in the expression of risk factors. Therefore, it is possible that
variation in several different genes may influence the expression of a particular risk factor.
Until more information is available, every gene with a presumed regulatory function in the
phenotypic expression of a proposed risk factor for CAD can be considered as a potential
candidate gene for CAD. It seems particularly relevant to search for common mutations (i.e.
polymorphisms) in these candidate genes and then determine the physiological relevance in
relation to CAD.
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1.2 Atherosclerosis

1.2.1 Pathogenesis of atherosclerosis

Atherosclerosis is a disease of the arteries and is a complex and slowly evolving process. In
the 19th century there were two major hypothesis of the pathogenesis of atherosclerosis cited
in Fuster et al (1992). These were the ‘incrustation’ hypothesis originally proposed by von
Rokitansky and the lipid hypothesis of Virchow. Von Rokitansky suggested that
atherosclerosis is the result of fibrin deposition and subsequent lipid accumulation in the
intimal wall. Virchow suggested that plasma derived lipids form complexes with
mucopolysaccharides and accumulate

in the arterial wall. These hypotheses led to the

development of the ‘response-to-injury’ hypothesis originally formulated in 1973 (Ross &
Glomset 1973) and further modified in more recent years (Ross 1986, 1999). This hypothesis
suggests that the lesions of atherosclerosis, represent a specialized form of a protective,
inflammatory-fibroproliferative response to various forms of injury to the arterial wall. The
nature and the duration of the injury may vary and depending on that, the protective response
may become excessive and eventually become a disease process. There are several factors
that may cause injury to the endothelium such as lipids and lipoproteins, hypertension,
diabetes, homocysteine, free radicals caused by cigarette smoking, infectious organisms such
as herpes virus and combination of these or other factors (Ross 1999). There are specific
artery sites such as branches and curvatures that are more prone to mechanical stress caused
by high-velocity blood flow. Where the arteries bend or branch, complex flow disturbances
occur, with jets of flow impacting on the wall. The artery wall experiences both frictional
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forces due to flow (fluid shear stress) and internal forces due to stretch (solid mechanical
stress. At these sites of increased stress, atherosclerotic lesions are observed as confirmed by
a number of studies (Ross 1986).

There is a series of events in atherogenesis; formation of fatty streak, progression to a fibrous
plaque and eventually formation of complicated lesions that are highly specific cellular and
molecular responses (Strong & McGill 1969). The first type of lesion, the fatty streak is a
pure inflammatory lesion and consists of monocyte-derived macrophages and T lymphocytes
(Ross 1999). The subsequent conversion of the fatty streak to complicated lesion, depends on
the extent of proliferation and differentiation of smooth muscle cells and collagen as well as
other elastic fibres and proteoglycans. Therefore, injury of the endothelium can lead to
endothelial dysfunction as a result of exposure to various agents such as homocysteine.
Monocytes and T lymphocytes attach to the arterial endothelium migrate between the
endothelial cells and localize sub-endothelial (Ross 1986). The attachment and migration of
monocytes and T lymphocytes is controlled by growth regulatory molecules, leukocytes,
chemoattractants and possibly smooth muscle cells (Ross 1986). Eventually, as the process
continues, monocytes become macrophages, there is an accumulation of lipids that develop
into foam cells and with T cells and smooth muscle cells form the fatty streak (Ross 1986).
Fatty streak is believed to be the initiation of atherosclerosis and have been observed in aorta
as early as three years of age (Holman et al 1958) and by the age of fifteen in coronary
arteries (Stary et al 1994). Studies have provided evidence that formation of fatty streak
evolves regardless of race or gender (Strong & McGill 1969) but they are somehow
dependent on the environment. At this first stage of atherosclerosis, the integrity of the
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arterial wall is maintained and therefore the initial lesions are described as reversible (Stary
1994). Progression of the disease leads to emigration of macrophages and monocytes from
the blood to the site of injury, where they proliferate within the lesion. Their emigration is
accompanied by release of hydrolytic enzymes, chemokines, cytokines and growth factors
that cause further damage and eventually lead to regional necrosis. In this way, the lesion
becomes bigger and eventually becomes covered by a fibrous cap, which consists of a lipid
core, necrotic tissue, calcified tissue and is described as a complicated lesion (Ross 1986).
The artery can no longer respond to the injury by dilation and a point is reached when the
lesion alters the blood flow, giving rise to thrombosis, atherosclerosis, ischaemia and
infarction.

1.2.2 Risk factors in coronary artery disease

In the general population, risk factors for cardiovascular disease have been classified
according to the strength of evidence and possibility of modification (Pearson et al 1996).
Epidemiological studies provide information about risk factors and their association with
atherosclerosis. Atherosclerosis is a multifactorial disorder and usually, several factors act in
concert and lead to formation of atherosclerotic plaques in the arteries (Wilson et al 1994).
Results from epidemiological studies are used to define normal values for any given risk
factor. Normal values have evolved from median values, or optimal values associated with
long term absence of the disease (Wilson et al 1998).

Cardiovascular risk factors promote coronary artery disease in both sexes and all ages but to
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different extents, e.g. cigarette smoking and cholesterol are more influential in men
(Rosenberg et al 1985). Furthermore, some risk factors increase with age such as
homocysteine.
The table 1.1 summarizes modifiable and non-modifiable risk factors that are associated with
increased risk of coronary artery disease.

Table 1.1: Modifiable and non-modifiable risk factors that are associated with increased risk
of coronary artery disease
PERSONAL

BIOCHEMICAL OR PHYSIOLOGICAL

Age; male>45, female>55 years or premature

Reduced HDL cholesterol

menopause

without

estrogen

replacement

therapy
Sex; male

Elevated LDL-C

Family history of premature CAD before the

Elevated homocysteine

age of 55 years
Abdominal obesity

Diabetes mellitus

Lack of exercise

Hypertension

Current cigarette smoking

Haemostatic factors (fibrinogen, factor VII)

High levels of alcohol intake

Lipoprotein (a)

Diet; rich in calories, saturated fat and Elevated triglycerides
cholesterol

1.2.2.1 Age

The relative risk of CAD decreases with age in polygenic hypercholesterolaemia as well as
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familial hypercholesterolaemia (FH). In the Multiple Risk Factor Intervention Trial (MRFIT)
there was an 8-fold increase in cholesterol in ages 35-39 years falling to 2.4-fold in men aged
55-57 (Stamler et al 1986).

1.2.2.2 Gender

Males are more susceptible to CAD mortality than females (ratio 4:3) throughout the world
and although the ratio decreases with age, it does not disappear (Slack 1969). The rate of
increase of CAD rises equally in men and women after the menopause but women still appear
to lag >ten years behind men in the presentation of CAD and this continues beyond the age of
75.

1.2.2.3 Family history

Family history reflects certain genetic and environmental factors, which are difficult to
differentiate. The Framingham Heart Study showed that even after excluding the clear
contribution from patients with genetic hyperlipidaemias, a history of CAD in parents is
associated with a 30% increased risk (Snowden et al 1982).

1.2.2.4 Obesity

The relationship of body mass index (BMI) and the risk of mortality is J-shaped. Thin people
have a higher risk than normal weight individuals and obese people are at the highest risk
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(Garrison et al 1996). There are several forms of obesity that are gender related. In males the
central, truncal and android obesity affects hepatic lipid and insulin metabolism whilst central
obesity in women confers significant CAD risk. Obesity is associated with hypertension,
elevated cholesterol, triglycerides and reduced HDL and insulin insensitivity with increased
glucose and insulin levels and increased rate of non-insulin-dependent-diabetes mellitus
(NIDDM) (Reaven 1988). Obesity however is a modifiable risk factor.

1.2.2.5 Lack of exercise

It is difficult to assess whether lack of exercise is an independent risk factor for CAD.
Exercise has been associated with slight reduction in blood pressure, reduction in weight,
improved glucose tolerance. HDL is increased and triglycerides are reduced all of which
would reduce risk of CAD (Bijen et al 1994).

1.2.2.6 Smoking

One sixth of the total deaths and one quarter of CAD deaths in the developed countries are
attributed to smoking (Bettridge & Morrell 1998). Smoking is probably the most important
preventable cause of death in the developed countries. Risk is increased in a linear manner
with the number of cigarettes smoked. Cigarette smoking induces endothelial cell changes as
a result of injury and enhanced deposition of lipids and fibrinogen leading to atherosclerosis.
Smoking also appears to reduce HDL and increase triglycerides (Butowski et al 1998).
Stopping smoking can reduce CAD risk although results are variable with respect to the

speed of benefits (Wannamethee et al 1995, Stamler et al 1997).
1.2.2.7 Alcohol

The effects of alcohol use on risk of CAD, is expressed graphically as a U-shaped
relationship. People who drink small amounts of alcohol and those who abstain have lower
rates of CAD risk than heavy drinkers (Jackson et al 1991). Alcohol produces a beneficial
rise in HDL at moderate levels and beyond this there is a rise in VLDL and triglycerides.
Fibrinogen is reduced and there are beneficial influences on platelet aggregation and
plasminogen activation. With increased consumption, there is an increase in hypertension
(Betteridge & Morell 1998).

1.2.2.8 Diet

Diet has an important role in CAD risk and this is mediated through the effects of dietary fats
on plasma lipids, especially LDL (Mann 1993). There are three main classes of fatty acids;
saturated (SAFA), mono-unsaturated (MUFA) and poly-unsaturated (PUFA) and they vary in
their influence on lipid levels. SAFA have the most important effect on lipoproteins, raising
total cholesterol, LDL-C and triglycerides. All these changes have been associated with CAD
risk in many studies (Mann 1993). In contrast to SAFA, MUFA and PUFA reduce total
cholesterol, LDL-C and triglyceride and to a greater level with PUFA although HDL levels
may fall slightly, whereas HDL levels either remain unchanged or slightly increased with
MUFA (Lichtenstein et al 1993). In all people and in particular those with other known risk
factors, dietary measures may be beneficial. Omega-3-polyunsaturates found in fish oils have
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been shown to have a protective effect against CAD (Connor & Connor 1997). Furthermore,
blood pressure may be reduced by reduction of sodium and potassium consumption (Dyer et
al 1995). Antioxidants found in fruits, vegetables, tea and red wine may help in prevention of
CAD, but results have not been consistent (Evans et al 1998). Evidence suggests that a diet
low in saturated fats, high in unsaturated fats with lots of fruits, vegetables and fish reduces
CAD risk (Wood et al 1998).

1.2.2.9 Total and LDL-cholesterol

Hypercholesterolaemia was one of the earliest identified risk factors for CAD (Kannel et al
1971). Cholesterol levels are determined by a combination of genetic and environmental
factors and are potentially modifiable. Clinical trials have demonstrated that cholesterol
lowering will reduce the occurrence of new CAD events and CAD mortality. A 10%
reduction in total cholesterol has been found to correspond to a 20% reduction in CAD risk
even at low levels in an individual on a western diet (5.0-4.5mmol/l) (Smith et al 1993). The
goals set in European Coronary Prevention Society guidelines (Wood et al 1998) for blood
lipids are total cholesterol levels below 5mmol/l and LDL-C levels below 3mmol/l.

1.2.2.10 High density lipoprotein

High density lipoprotein (HDL), was shown in the 1970’s to be a powerful and independent
predictor of CAD and this has been confirmed in more recent studies (Schaefer et al 1994).
The relationship between HDL and CAD is inverse, low levels of HDL being associated with

10

increased risk of CAD. The relationship is particularly important in women. Low levels of
HDL often reflect obesity, smoking and lack of exercise or impaired glucose tolerance.
Genetic factors may also be responsible. Levels below 0.9mmol/l in men and below
1.1 mmol/1 in women are negative risk factors whereas levels above than 1.5mmol/l in men
and 1.7mmol/l in women are protective (Schaefer et al 1994).

1.2.2.11 Triglycerides

It has been difficult to determine whether triglycerides are an independent risk factor for
CAD (Gotto 1998). There is considerable measurement variability in levels and patient must
fast for 18 hours to obtain a reliable estimate. HDL shows a strong inverse correlation with
triglycerides and studies that take into account or adjust for HDL usually find no independent
association with triglycerides. It has been suggested that individuals with high triglyceride
levels in the presence of low HDL are at an increased risk of CAD (Castelli 1992). Clinical
studies have also linked hypertriglycaemia with intermediate density lipoprotein (IDL), small
dense LDL and increased cholesteryl ester exchange (Assmann et al 1996). Triglyceride
levels above 2mmol/l are markers of increased CAD risk.

1.2.2.12 Diabetes

Three quarters of diabetics die from large vessel disease whilst the other quarter die from
CAD which is probably due to the exaggerated effect of the conventional risk factors.
Hypertriglycaemia and reduced HDL occur in patients with non-insulin dependent-diabetes-
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mellitus and they also have a preponderance of the small dense atherogenic LDL subclass III
(Tan et al 1995).

1.2.2.13 Hypertension

Hypertension has been established as a major independent risk factor for CAD (Kannel 1996,
Schwartz & Sheps 1999). Hypertension results in stroke, heart disease leading to heart failure,
renal vascular disease and peripheral vascular disease. Hypertension is a continuous variable
and the higher the level, the greater the cardiovascular risk. It is a reversible risk factor,
although there is a strong genetic component, but in most cases it is treatable (McMahon et al
1986).

1.2.2.14 Haemostatic factors

The role of thrombogenic factors in the development of unstable angina, MI and sudden death
was clearly established in the early 1980’s. The Northwick Park Heart Study (Meade et al
1986) demonstrated a positive relationship between fibrinogen and CAD. High fibrinogen
levels are most common in smokers (10% higher) and the rise is proportional to the numbers
of cigarettes smoked. Factors VII and VIII (Meade et al 1986) and low fibrinolytic activity
(Hamsten et al 1985) have also been associated with CAD.

1.2.2.15 Lipoprotein (a)
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Elevated plasma lipoprotein (a), [Lp(a)], is an independent risk factor for the development of
premature CAD (Bostom et al 1996). In the Framingham Heart Study elevated Lp(a) had a
similar attributable risk as a total cholesterol of 6.2mmol/l or more or an HDL less than
0.9mmol/l (Bostom et al 1996). Lp(a) is composed of lipid, apoB-100 and glycoprotein
[apo(a)].

The role of homocysteine as a risk factor will be discussed in detail later.
When creating an individual’s risk profile, the above risk factors should be assessed. In
addition, it is important to realize that, when more than one risk factors are present at any
given time, the multiplicative risk of developing CAD is markedly increased, than being
simply additive.

1.3 Hyperhomocystemaemia: an independent risk factor for coronary artery disease

McCully et al (1969), observed that elevated plasma homocysteine was associated with
vascular disease. He reported autopsy evidence of extensive arterial thrombosis and
atherosclerosis

in

two

children

with

elevated

plasma

homocysteine

levels

and

homocysteinuria. Based on this observation he suggested that elevated plasma homocysteine
levels may be causal for atherosclerotic vascular disease. Further investigations have
confirmed his hypothesis and it has recently become clear that hyperhomocystemaemia is an
independent risk factor for atherosclerosis and thrombosis. Disorders of homocysteine
metabolism resulting in hyperhomocysteinemia can be caused by genetic and acquired
factors, such as inadequate vitamin intake. Homocysteinuria is a rare genetic disorder, but
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mild hyperhomocystemaemia is observed in about 5-7% of the general population and a total
10% of the populations coronary heart disease (CAD) risk, appears to be due to elevated
homocysteine levels.

1.3.1 H o m o cy stein e m etab olism

Methionine is an essential amino acid. The remethylation and the transsulphuration pathways
account for methionine metabolism. This amino acid and its metabolic products are involved
in many biological reactions and therefore every tissue possesses the methionine cycle.
Methionine is required for the
1. synthesis of proteins,
2.the synthesis of S-adenosyl-methionine (AdoMet) and
3. the synthesis of homocysteine.

Homocysteine can serve as a substrate for recycling of folate derived compounds, for the
catabolism of betaine and choline and for the transssulphuration pathway where
homocysteine is condensed with serine and cystathionine, cysteine and glutathionine are
produced. All these reactions take place under the control of several different enzymes that
are involved in the cycle (Finkelstein et al 1998).

Homocysteine is the reduced (sulfhydryl) form and homocystine the oxidized (disulfide) form
of the homologues cysteine and cystine. Here both forms will be referred to as
‘homocysteine’ and elevated levels of homocysteine as ‘hyperhomocystemaemia’ HH(e)
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respectively. Methionine as well as homocystine is elevated in the urine due to defective
cystathionine beta synthase. In addition to cystathionine beta synthase deficiency there are
several causes of homocystinuria. Causes of homocystinuria are summarized in table 1.2. The
reactions of the transsulphuration pathway converting methionine to homocysteine and
inorganic sulfate are shown in figure 1.1. Transsulphuration occurs only in liver, kidney,
small intestine and the pancreas. The first step in the metabolism of methionine is the
conversion to AdoMet by methionine adenosyltransferase. S-adenosyl-methionine is the
major methyl donor in mammals.

Table 1.2: Causes of homocystinuria
In h erited

A cquired

T ran ssu lp h u ra tio n d iso rd ers

V itam in d eficien cy

CBS d eficien c y (rare)

F o late, B 12, B6

R em eth y la tio n d iso rd ers

D rugs

D efectiv e B12 tra n sp o rt (rare)

M eth o trex ate

D efectiv e

P h en y to in and carb am azep in e

B12

coenzym e

sy n th esis

(rare)

N itro u s oxide

D efects in MS (rare)

M eth y lx an th in es

D efects in M TH FR (rare)

N ico tin ic acid
R enal failu re

All transmethylations by S-adenosyl-methionine result in the formation of S-adenosylhomocysteine, which in turn is hydrolyzed, to homocysteine and adenosine by S-adenosylhomocysteine hydrolase. Homocysteine forms at a metabolic branch point from which it may
be transsulphurated to cystathionine or remethylated to reform methionine. On normal diet
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the available homocysteine in man is nearly equally divided between the transsulphuration
(Mudd et al 1995) and remethylation pathway (Finkelstein et al 1984). Variations in
methionine intake are balanced by changing this equilibrium (Mudd et al 1975). AdoMet
seems to determine which of the two available pathways will be utilized for homocysteine
metabolism.

High concentration of AdoMet limits homocysteine remethylation since it inhibits the action
of MTHFR (Kutzbach et al 1971) and betaine methyltransferase (Finkelstein et al 1975). In
contrast, transsulphurationirfavored by AdoMet stimulating CBS activity (Finkelstein et al
1984). Under the action of CBS, homocysteine condenses irreversibly with serine to form
cystathionine and cysteine. Animal cells can not synthesize homocysteine from cysteine and
therefore this is a unidirectional reaction. CBS requires pyridoxal phosphate as a cofactor. In
vivo conditions, the equilibrium of this reaction is very much towards cystathionine
formation. By high protein intake the activity of cystathionine synthase is increased
(Finkelstein et al 1984). Various enzymes metabolize cysteine further to major products of
sulfur metabolism, taurine and sulfite, which is oxidized by sulfite oxidase to sulphate.
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g ly c in e

s e rin e
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TETRAHYDRO
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I
(or Spermine)

m e t h io n in e

ATP

DIMETHYLGLYCINE
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/

XPOTRESCINE
{or Spermidine)
DECARBOXYLATED
~ / ADENOSYLMETHIONINE

/

BETAINE

X
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ADENOSYLMETHIONINE

HOMOCYSTEINE
SERINE
CHOLINE

ACCEPTOR

CYSTATHIONINE
METHYLATED
ACCEPTOR

Q KETOBUTYRATE

ADENOSYLHOMOCYSTEINE
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SO4

Figure 1.1: Methionine metabolism in mammals. The numbers represent the following
enzymes

or

sequences;

1—»Methionine-Adenosyl-transferase,

2—>AdoMet

dependent

transmethylations, 3-»Adenosylhomocysteinase, 4-»CBS, 5-^y-cystathionase, 6-»further
metabolism of cysteine, 7—»Betaine-homocysteine-methyltransferase,

8—»Methylfolate-

methyltransferase, 9->Choline and betaine aldehyde dehydrogenases, 10—»Free and protein
methionine

equilibrium,

decarboxylase,

11—>Serine-hydroxymethylase,

14—^Spermidine- synthase,

12—»MTHFR,

13—»AdoMet-

15,16-»Methylthioadenosine phosphorylase.

Note: Pathway adapted from Finkelstein (1998).

The remethylation of homocysteine back to methionine in man is performed by two
alternative pathways. In one pathway, betaine, a choline derivative, donates a methyl group to
homocysteine in a reaction catalyzed by betaine-homocysteine methyltransferase (figure 1.1).
In animal experiments, a lowering of the activity of this enzyme, in the case of limited as well
as excessive methionine intake (Finkelstein et al 1982) have been demonstrated and an
increase of the activity by diets supplemented with choline or betaine (Finkelstein et al 1983).
Remethylation is catalyzed by methionine synthase (MS) with

methyltetrahydrofolate as

the donor. The formation of this methyl donor depends on the presence of N ^,N ^methylenetetrahydrofolate (derived from dietary folate)

and the

enzyme N5,N 10-

methyl enetetrahydrofolate reductase (MTHFR) (figure 1.2).

This is the only reaction generating methyltetrahydrofolate in the cell. Methionine synthase
catalyses the transfer of a methyl group methylentetrahydrofolate to homocysteine and as a
result of that, methionine is reformed. Methionine, in turn, can be converted to AdoMet,
which is involved in many reactions. Faults in these two enzymes can lead to elevated plasma
homocysteine levels. Vitamin B 12 is an essential cofactor for MS.
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Figure 1.2: Pathways involved in the production of methyltetrahydrofolate and regeneration
of homocysteine to form methionine. Enzymes (1) are the methionine adenosyltransferase
isozymes, enzymes (2) are AdoMet-dependent methyltransferases and enzymes (3) is Sadenosylhomocysteine hydrolase.

1.4 Homocysteine measurement and levels

Measurements of total homocysteine (the sum of all homocysteine species in plasma/serum,
including free and protein bound forms) should include both the reduced and the oxidized
form and this is because the proportion of the reduced form increases in homocysteine. The
assays for measuring homocysteine include the conversion of all forms into a single species
by reduction (Ueland et al 1993). The intracellular formation, the metabolism and release of
homocysteine into the extracellular matrix, determine the concentration of homocysteine in
plasma and serum. The distribution of homocysteine between pathways is determined by the
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K™ for homocysteine, the regulatory effect of S-adenosyl-methionine and the enzyme
concentrations (Ueland et al 1993). The release of homocysteine into the extracellular matrix
is a third way of cellular disposal of homocysteine and is very important regarding the plasma
concentration of homocysteine. Studies with isolated cells showed that homocysteine export
into the extracellular matrix underlines an imbalance between production and metabolism
(Christensen et al 1991). In the presence of excess methionine, homocysteine export from
most cell lines is increased (Christensen et al 1991). The activity of methionine synthase for
homocysteine export at low methionine concentrations is very important. Cystathionine beta
synthase activity influences the export at high methionine concentrations. The clinical
relevance is that methionine synthase activity determines the concentration of fasting plasma
homocysteine, whereas a defect in cystathionine beta synthase results into an abnormal
response to methionine loading.

1.4.1 Methionine loading test

Exposing cells to high concentrations of methioniwmay increase homocysteine production.
Intracellular homocysteine is exported into the extracellular medium and therefore
extracellular homocysteine is taken as a measure of the balance between intracellular
homocysteine production and utilization. Experiments have indicated though that, methionine
loading of rat hepatocyte in vitro, results in a marked increase of extracellular homocysteine
whereas the amount of the intracellular is only moderately elevated (Svardal et al 1986). A
very similar condition is observed in humans (Ueland et al 1989). Methionine administration
(O.lgr/kg) results in elevated levels of homocysteine-total, homocysteine-oxidized form, or
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homocystine. Usually total homocysteine is measured.

The methionine-loading test is used to establish if there are any defects in the
transsulphuration pathway (Sardharwalla et al 1974). Before methionine administration, the
basal value of homocysteine concentration (Cb) is measured and after methionine
administration, homocysteine measurements are obtained after 4, 8 and 24 hours. The
maximum concentration, Cm is obtained after 8 hours. Both values Cm and Cb seem to
increase in patients with transsulphuration disorders (Sardharwalla et al 1974). It has been
found that Cb but not the increase of homocysteine above the plasma level Cb is correlated to
folate (Brattstrom et al 1989) (erythrocyte folate) and vitamin B12 (Brattstrom et al 1988)
Therefore, the methionine load will selectively stress the pathway that does not depend on
folates, i.e. the transsulphuration pathway. In normal people, homocysteine levels return to
normal, within 2 days (Fiskerstrand et al 1993).

1.4.2. Sample collection

Total homocysteine in plasma or serum increases when the separation from the blood cells is
delayed (Andersson et al 1992). Artificial increase is low if the blood sample is centrifuged
within an hour of collection or placed in ice. Within one hour of storage of whole blood at
room temperature, concentration increases by 10% (Andersson et al 1992). Storage of whole
blood at room temperature for 4 and 24 hours, leads to an increase of 35% and 75% of
homocysteine concentration respectively (Stabler et al 1987). Therefore, the blood cells are
the source of the homocysteine concentration increase during storage, since homocysteine
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concentration is stable in plasma or serum (Ubbink et al 1992, Fiskerstrand et al 1993).

1.4.3. Reference values

There are no well-defined intervals for plasma homocysteine, but values below 12mM are
considered normal, between 12-25mM moderate and above 25mM severe. In addition, levels
are age and gender specific and possibly menopausal status and therefore reference intervals
should be established accordingly.

1.4.4. Detection methods

There are several methods used in order to measure homocysteine levels and are summarized
in table 1.3. Each method has pros and cons and in general homocysteine measurement is a
rather difficult process.
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Table 1.3: Homocysteine detection methods
Method

Advantages

Disadvantages

References

HPLC with

Sensitive and specific,

Long reaction time

Ueland et al (1993)

fluorescence

distinguishes between

detection

cysteine, glutathione

Ueland et al (1993)

and homocysteine
HPLC with

Sensitive, rapid and

Gold electrode

electrochemical

specific, resolves

required

detection

cysteine, homocysteine
cysteinylglycine

HPLC with pulsed

Sensitive and selective

integrated

Gold electrode

Evrovski (1995)

required

amperometry
Amino acid analyzer

Measures

Less sensitive than

Anderson 1993,

homocysteine,

other methods

Ueland et al (1993)

cystathionine,
methionine

1.5 The role of vitamins on homocysteine levels

Homocysteine, folate and B vitamins provide an excellent example where the metabolism of
a substrate is closely related to that of its cofactors and default in any of the biochemical
reactions involved results in elevated levels of homocysteine. There is considerable evidence
that folate deficiency is associated with raised homocysteine concentration (Selhub et al
1993) and raised homocysteine concentration is associated with increased risk of
cardiovascular disease (Boushey et al 1995). There are however, only few studies directly
correlating folate status and cardiovascular risk. The Nurses’ Health Study (Rimm et al 1998)
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suggested a significant negative correlation between dietary intake of folate and B6 and
mortality and morbidity from cardiovascular disease over a period of 14-year follow up.

1.5.1 Folate

Folate is present in a wide variety of foods including liver, yeast, milk, green leafy
vegetables, orange and bananas. A number of conditions are associated with folate deficiency,
either as a result of malabsorption or increased rates of cellular proliferation causing greater
use of folate. Drugs may interfere with folate metabolism and result in a state of functional
folate deficiency either by design or side-effect. Methotrexate is the most widely used of such
drugs as an anticancer agent and also in low doses for treatment of rheumatoid arthritis and
psoriasis (Broxson et al 1989, Refsum et al 1991, Ueland et al 1989). Methotrexate depletes
folate synthesis. The increased incidence of thromboembolism seen in patients receiving
methotrexate may be related to observed elevated levels of homocysteine. Other inhibitors of
dihydrofolate reductase such as trimethoprim can cause folate deficiency.

The pteridine compounds referred to as 'folates’ are involved as coenzymes in a number of
critical 1-carbon transfer reactions for de novo synthesis of the purines and pyrimidines
required for DNA and RNA synthesis; for the intercorvension of amino acids, serine and
glycine; for the conversion of histidine to glutamic acid; for the methylation of DNA, RNA,
proteins, membrane lipids and neurotransmitters and for the methylation of homocysteine for
the de novo synthesis of methionine. MTHFR mediates the conversion of 5,10methylenetetrahydrofolate

to 5-methyl tetrahydrofolat

and probably uses

only polyglutamates as substrates within the cell.

Polyglutamate forms probably do not cross cell membranes and must be hydrolyzed in the
intestine before absorption can occur. Intestinal uptake is effected by specific transport
systems that are located in the brush border and basolateral membranes in the duodenum and
jejunum. Transport of folates can be active or passive. Active transport occurs against a
concentration gradient. Said et al (1996) described the functional expression and mRNA

t
distribution of a cDNA involved in folate transport. After uptake from the intestine, folates
are carried to the liver, where methylation takes place and then enter the bloodstream.
Specific folate receptors facilitate the cellular uptake. Once folate is transported into cells,
monoglutamyl folate is converted to its poluglutamyl forms which seem to be better retained
in cells and more effective as coenzymes (Osborne et al 1993).

MTHFR binds FAD and utilizes NADPH as an electron donor. Methionine is demethylated
in the form of adenosylmethionine to form adenosylhomocysteine, which is hydrolyzed to
homocysteine. Failure to regenerate methionine results in depletion of methionine and
adenosylmethionine and exposes the cells to high levels of homocysteine that is toxic.
Therefore folic acid is essential since it acts as a substrate for the homocysteine metabolism.
Deficiency of adenosylmethionine causes folate to be ‘trapped’ in the form of 5-methyl
tetrahydro folate which requires methionine synthase reaction for the regeneration of
tetrahydrofolate. Loscalzo et al (1996) suggested that when folate is trapped as 5-methy
tetrahydrofolate, the rate of folate polyglutamate synthesis

is decreased because

tetrahydrofolate is a poor substrate for polyglutamate synthetase enzyme. Patients suffering
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from neurological disorders usually have high levels of homocysteine. In addition to
nutritional deficiencies congenital disorders of folate adsorption and metabolism have been
associated with neurological dysfunction (Zittoun et al 1999). The most frequent of these
disorders

is homozygous MTHFR deficiency, which interferes with synthesis of

methyltetrahydrofolate, required for vitamin B 12-dependent, methionine synthesis.

1.5.2 Vitamin B12

In vitamin B12 (cobalamin) deficiency, methionine synthesis decreases. It is a complex
compound that contains a cobalt atom at its center. Different groups can bind to the cobalt
atom and determine its co-enzyme activity. Vitamin B12 is obtained from the diet and is
bound to a number of protein classes; intracellular binders, membrane receptors, intrinsic
factors, R-binders and transcobalamins (Fowler et al 1998). It is processed from the stomach
to the intestine and eventually reaches the blood stream and is distributed to several tissues.
Defects may occur at the absorption level, during the transport or at cellular uptake resulting
in cobalamin deficiency (Qureshi et al 1994).

1.5.3 Association of homocysteine with vitamins

Humans can not synthesize folate de novo and therefore, a well balanced diet is required to
receive the recommended amount. In USA the recommended dietary allowance (RDA) is
200pg/day for men and 180pg/day for women although much higher amounts are
recommended for pregnant women and for those who had a child with neural tube defect.
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Also during pregnancy, the recommended amount is 400pg/day of folic acid.

Plasma homocysteine is inversely associated with the levels of vitamins involved in the
biochemical pathway and this is especially profound for folate. This is because unlike B12
and B6 that act as cofactors, folate is a substrate (methyl donor) and therefore has the
potential to drive the remethylation reaction forward. A number of studies (Deloughery et al
1996, Kang et al 1992) have associated elevated plasma homocysteine levels with folate
levels below the median value. The same studies also indicated that there is a negative
correlation between folate levels and plasma homocysteine levels and this is especially
profound for those individuals being homozygous for the thermolabile variant in the MTHFR
gene. These homozygous require higher folate levels to maintain lower fasting homocysteine
levels. A folic acid dose of 650pg/day reduces homocysteine concentration by 42% in
hyperhomocysteinaemic men (Ubbink et al 1993). Higher doses of folate do not seem to have
any further effect, since the system reaches a plateau phase, where further administration has
no lowering effect (Ubbink et al 1993). The existence of the plateau is supported by studies,
where there was no additional lowering of homocysteine after six weeks of treatment with
lOOOpg/day of folic acid, 0.4mg of cobalamin, and 12.2mg of pyridoxine when these amounts
were doubled (Ubbink et al 1993).

Robinson et al (1998) suggested that low circulating folate and vitamin B6 concentrations
confer an increased risk of atherosclerosis. They drew this conclusion after performing a case
control study of 750 patients with documented vascular disease and 800 controls. In a meta
analysis of randomized trials, Clarke et al (1998a) concluded that:
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1. higher blood homocysteine concentrations seem to be associated with higher risks of
occlusive vascular disease and with lower blood concentrations of folate and vitamins
B12 and B6,
2. proportional and absolute reductions in blood homocysteine concentrations with folic acid
supplements are greater at higher pre-treatment blood homocysteine concentrations and at
lower pre-treatment blood folate concentration,
3. in a typical Western population supplementation with both 0.5-5mg/day folic acid and
0.5mg/day B12 vitamin should reduce blood homocysteine by about quarter to a third.

When elderly people from the Framingham study were examined for homocysteine, folate,
vitamin B12 and vitamin B6, (Selhub et al 1993), it was reported that prevalence of high
homocysteine (>14pmol/L) was greatest among subjects with low folate and that
concentration of one or more B vitamins appear to contribute to high homocysteine levels. In
a big prospective cohort study Nurses’ Health Study, Rimm et al (1998), suggested that
intake of folate and vitamin B6 above the current recommended dietary allowance may be
important in the primary prevention of CAD among women.

Although fortification of grains with folic acid at a level of 140pg/100gr of cereal grain was
put into effect January 1 1998 in the United States, there is speculation about this decision
(Rothenberg 1999). The basis for the opinion opposing fortification of cereals with folic acid
arises from the concern that at a certain level of intake, folate may induce a hematological
response in patients with B12 deficiency and this could delay appropriate treatment. The
neuropsychiatric complications of B12 do not respond to folate and can progress in the
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absence o f B12 therapy, or even worse may accelerate as a direct result of folate intake. The
neuropsychiatric disorders of B12 deficiency are; psychiatric alone, peripheral neuropathy
alone, or the most detrimental because it is often irreversible, the demyelinisation of the white
matter of the central nervous system (Rothenberg 1999). A variable degree of all three
complications may occur simultaneously.

1.6 Genetics of homocysteine

Increase in plasma homocysteine may be caused by a genetic defect in the enzymes that are
involved in the regulation of homocysteine or by nutritional deficiencies of the cofactors
involved

in

the

same

pathways.

Most

enzyme

mutations

associated

with

hyperhomocysteinaemia (moderately elevated levels of homocysteine) are rare point
mutations of the CBS gene or the thermolabile variant of the MTHFR gene, or mutations in
the MS gene.

Homocystinuria, is caused by a rare inborn error (1 in 200000 births) either in the CBS or in
the MTHFR gene (Mudd et al 1985). Usually it is on the CBS locus and homozygotes have
very high levels of homocysteine i.e. lOOmM (Mudd et al 1985). Homocysteine accumulates
in the body and is eventually excreted in the urine. The main cause of morbidity and mortality
in these people is multiple thromboembolic complications. Concerning the clinical
manifestation of the disorder, many systems are affected:
l.The eye system: ectopia lentis is a nearly constant feature in patients over age 10 years but
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because of its progressive nature may be absent in younger patients and myopia.
2.Skeletal system: osteoporosis, the spine is the most common site for osteoporosis followed
by the long bones, Marfanoid features such as excessive lengthened long bones, increased
arm span and extreme height. Marfan’s syndrome, is a disorder of connective tissue with
autosomal dominant inheritance and has been assumed to be an inborn error of protein
metabolism. Since the clinical manifestation of the syndrome is similar to homocysteinuria,
homocysteinuria patients are often misdiagnosed as suffering from Marfan’s syndrome and
therefore may not receive appropriate treatment (Boers et al 1984). This should be avoided by
serum amino acid analysis of any person suspected of having the Marfan’s syndrome.
3.Central nervous system: Abbott et al (1987) evaluated 63 patients with homocystinuria for
psychiatric disturbance, intelligence and evidence of other CNS problems and responsiveness
to vitamin B6. Clinically significant psychiatric disorders were found in 51%. The average IQ
was 80, and IQ was lower among vitamin B6 nonresponsive patients.

Disorders related to the cardiovascular system will be discussed later.

1.6.1 Cystathionine beta synthase (CBS)

Homocystinuria due to mutations in the CBS gene is an autosomal recessive disease of sulfur
amino acid metabolism. CBS is the first enzyme in the transsulphuration pathway where
homocysteine is condensed irreversibly with serine to form cystathionine.
It is a pyridoxal 5’-phosphate (B6) dependent, heme containing enzyme, mainly expressed in
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liver and pancreas. Pyridoxal 5’-phosphate (PLP) acts as cofactor in the condensation
reaction, whereas the role of heme is unclear (Refsum et al 1998). The native enzyme is a
homotetramer of 63kDa subunits and is activated by S-adenosyl- L- methionine (AdoMet) or
by partial cleavage with trypsin (Kery et al 1998). After trypsinolysis a tetramer of 58kDa is
produced. Kery et al (1998) showed that further treatment with trypsin results in a 45kDa
unit, which is the mostly conserved portion of CBS. This active core forms a dimer of 85kDa
which binds to B6 and heme but not AdoMet, it is less thermostable and has three fold higher
affinity for homocysteine when compared to the tetramer. Substitution of the hydroxyl group
of serine with the thiol of homocysteine is a p-replacement reaction and this kind of reaction
is commonly catalyzed by PLP. Several roles have been proposed for heme such as structural,
catalytic and regulatory (Refsum et al 1998). The presence of heme seems to be essential
because the level of heme saturation controls the level of PLP saturation (Kery et al 1994).
But it is still unclear what is the direct role of heme in the catalysis.

It has been shown (Taoka et al 1998) that under in vitro conditions the activity of CBS is
modulated by the ambient redox potential and that this is correlated with oxidation state
changes in the heme. The stoichiometries of bound heme and PLP are unclear and 2 (Taoka et
al 1998) and 4 (Kery et al 1994) mol of each cofactor per mole of tetramer has been reported.
Actually, recent data suggests (Kery et al 1999) that 4 mol of each cofactor per molecule are
required and that the PLP sites in CBS are non-equivalent. Concerning the interaction of PLP
with the heme protein, homocysteine disturbs heme but does not interact with PLP.

In contrast to other PLP containing enzymes, such as tryptophan synthase (Strambini et al
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1992), serine and threonine CBS, emit no PLP related fluorescence when excited at 296 or
330nm (Kery et al 1999) suggesting that the lack of PLP related fluorescence in CBS is likely
due to the inner effect of heme and that the structurally PLP-dependent enzymes have
different spectra. PLP but not heme dissociates from the enzyme in the presence of
hydroxilamine (Kery et al 1999). This dissociation of PLP is a multistage process involving a
short lag phase, 500sec followed by a rapid inactivation and a slower PLP-oxime formation.
PLP-ffee CBS has a reduced secondary structure and a reduced activity that can be partially
restored by addition of PLP (Kery et al 1999).

Studying somatic cell hybrids between human fibroblasts with CBS activity and hamster cells
without this enzyme activity, it was found that enzyme activity cosegregated with
chromosome 21 (Skovby et al 1984). In a control study using homocystinuric fibroblasts in
the creation of the hybrids, no enzyme activity was found. Two other enzymes of sulfur
amino acid metabolism have been mapped: 5-methyltetrahydrofolate: L-homocysteine
S-methyltransferase to chromosome 1 and cystathionase to chromosome 16. Chadefaux et al
(1985) demonstrated a dosage effect for CBS enzymatic activity in fibroblasts from patients
trisomic for chromosome 21. In cases of deletion and partial trisomy they found levels of
activity consistent with location of the CBS locus between 21q22.1 and 21q21. Using a rat
cDNA probe for in situ hybridization to structurally rearranged chromosomes 21, Munke et al
(1988) assigned CBS to the subtelomeric region of band 21q22.3. The homologous locus in
the mouse was mapped to the proximal half of chromosome 17 by Southern analysis of
hamster-mouse somatic cell hybrid DNA (Munke et al 1988).
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Stubbs et al (1990) demonstrated that the murine equivalents of the CBS and CRYA1 genes
are very closely situated on mouse chromosome 17 in a segment not larger than 130 kb. Most
of the genes concentrated in band 21q22, which may be relevant to the phenotype of Down’s
syndrome, are located on mouse chromosome 16 or mouse chromosome 10. The close
physical linkage of the mouse equivalents of CBS and CRYA1, combined with data that
localize closely flanking mouse markers to human chromosome 6, suggest that the human
21q22/mouse chromosome 17 conserved segment is of limited physical size and contains a
small number of Down’s syndrome-related genes.

Avramopoulos et al (1993) used single-strand conformation polymorphism (SSCP) to detect
DNA polymorphisms in the 3’ untranslated region of the CBS gene. Using one of these for
linkage studies, they placed the CBS gene on human chromosome 21. Chasse et al (1997)
reported that the human CBS gene spans over 30 kb and consists of 19 exons. There are 3
different 5’ untranslated regions, including 3 different exons 1: exon la, lb, and lc. Exons la
and lb are 390 bp apart and are linked to exon 2 in cDNAs reported by the same authors.
Exon lc, which is linked to exon 5 in another cDNA, is 7 kb from exon lb. All splice sites
conform to the GT/AG rule, including those from exon la or lb to exon 2 and from exon lc
to exon 5. Their results suggested that three the mRNAs containing the different exons 1 are
under the control of different promoters. Bao et al (1998) reported three new mRNAs and
called them mRNA 3, 4 and 5 whereas those reported by Chasse were referred as 1 and 2.
mRNAl and 2 are the major forms expressed in pancreas, liver and kidney, whereas mRNA
3, 4, and 5 are minor forms expressed mainly in pancreas. No functional studies in the
promoter region are available. Gaustadnes et al (1998) recently reported the exon-intron
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boundaries of the 15 coding exons of the human CBS. This conflict in nomenclature makes
the study of the gene difficult.

So far about 96 mutations have been reported on the cystathionine beta synthase (Kraus et al
1999, de Franchis et al 1999). Mutations are characterised on the basis of responsiveness to
pyridoxine treatment. Among homocysteinuric patients there is a high degree of phenotypic
variability. There are several factors that might influence the expression of the disorder
(Table 1.4).

Table 1.4: Factors associated with phenotypic variability in homocysteinuria
CBS Mutations

Patients Genetic Background

Environmental Factors

Mild mutations

Modifier genes

Diet, vitamin status

Severe mutations

Mutations

of

other

genes

Perinatal factors

affecting multifactorial trait
Multiple mutations on the same Mutations in more than one gene Drugs
allele

involved in the same pathway

Mudd et al (1985) compiled data on 629 patients with homocystinuria collected from all parts
of the world. This is the largest report on homocystet*$ric patients attempting to explain the
natural history of homocysteinuria due to CBS deficiency.

Among patients not discovered by newborn screening, mental capabilities were higher in
B6-responsive patients (mean IQ, 79) than in B6-nonresponsive patients (mean IQ, 57).
Time-to-event curves for other major clinical abnormalities were presented as well. For
untreated B6-responsive and B6-nonresponsive patients, these were respectively: chance of
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dislocation o f lenses by age 10, 55% versus 82%; chance of having clinically detected
thromboembolic event by age 15, 12% versus 27%; chance of radiological detection of spinal
osteoporosis by age 15, 36% versus 64% and chance of not surviving to age 30, 4% versus
23%. When initiated neonatally, methionine restriction prevented mental retardation, reduced
the rate of lens dislocation, and may have reduced the incidence of seizures. Pyridoxine
treatment o f late-detected B6-responsive patients reduced the rate of occurrence of initial
thromboembolic events.

Boers

et al (1985) tested

for heterozygosity for homocystinuria by pathologic

homocysteinaemia after methionine loading and CBS deficiency in cultured fibroblasts.
Heterozygosity was established by these means: in 7 of 25 patients with occlusive peripheral
vascular disease manifest before age 50 and in 7 of 25 patients with occlusive cerebrovascular
disease manifest before age 50 but in none of 25 patients with myocardial infarction manifest
before age 50. Testing for heterozygosity, especially in families of homocystinuria patients,
may be very valuable as a guide to reduced methionine intake and B6 supplementation as
preventive measure (Mudd et al 1985).

Ninety two different disease associated mutations of the CBS gene have been identified in
310 homocystinuric alleles in more than twelve laboratories around the world (Kraus et al
1999). Most of these mutations were missense and the vast majority of these were private
mutations occurring in only 1 or very small number of families. The 2 most frequently
encountered mutations were the pyridoxine-responsive I278T, which has been reported in
many populations and the pyridoxine non-responsive G307S, which is of Celtic origin
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(Gallagher et al 1995). Mutations due to deaminations of the methylcytosines represented
53% of all point substitutions in the coding region of the CBS gene.

This recent report confirmed the findings of Kraus et al (1994), where it was demonstrated
that the G307S mutation was the most common cause of homocystinuria in-patients of Celtic
origin and of Tsai et al (1996) who suggested that the most prevalent mutations in CBS were
the G307S and I278T mutations.

Furthermore, Tsai et al (1996) found an unexpectedly high prevalence of a mutation
involving a 68-bp insertion in the coding region of exon 8. The mutation did not seem to
affect the activity of the CBS enzyme. Screening of controls showed that the mutation also
was prevalent in that population. The prevalence was somewhat greater in-patients with
premature coronary artery disease, although the difference did not reach statistical
significance. The mutation had been previously reported by Sebastio et al (1995).

De Stefano et al (1998) reported that the frequency of the 68bp insertion is about 7.5% in the
general population and that this polymorphism does not have a homocysteine raising effect.
There was an interaction between the 68bp insertion and the thermolabile variant of the
MTHFR gene. The presence of the 68bp insertion abolished the raising effect of the
thermolabile variant and therefore, a protective mechanism towards development of high
homocysteine levels was suggested.
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Kluijtmans et al (1999) investigated the molecular basis of CBS deficiency in 29 Dutch
patients from 21 unrelated pedigrees and studied the possibility of a genotype-phenotype
relationship with regard to biochemical and clinical expression and response to homocysteine
lowering treatment. Of 10 different mutations detected in the CBS gene, 1278T was
predominant being present in 23 (55%) of 42 independent alleles. At diagnosis, all 12
homozygous for this mutation tended to have higher homocysteine levels than the 17 patients
with other genotypes, but similar clinical manifestation. During follow-up, I278T
homozygous responded more efficiently to homocysteine lowering treatment. After 378
patients-years of treatment, only 2 vascular events were recorded, without treatment at least
30 would have been expected.

Therefore, although many mutations have been identified so far, most of them are of private
nature and only a few of polymorphic nature. Of the polymorphisms identified so far, only
the G307S and the I278T have consistently been found in alleles from homocystinuric
patients. The G307S is related to a severe clinical phenotype (Gallagher et al 1995), whereas
the I278T transition has a relatively mild phenotype when present in homozygous state
(Kluijtmans et al 1999).

1.6.2 Methylenetetrahydrofolate reductase (MTHFR)

Methylenetetrahydrofolate reductase deficiency is the most common inborn error in folate
metabolism. Another pathway for homocysteine metabolism is through the remethylation or
conservation pathway (Finkelstein et al 1998). The main enzyme involved in this reaction is
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methylenetetrahydrofolate reductase

(MTHFR), which catalyses the NADPH-linked

reduction of 5,10-methylenetetrahydrofolate to 5-methyl tetrahydro folate, a cofactor for
methylation o f homocysteine to methionine (see figure 1.2).

CH2-H4folate + NAD(P)H-> CH3-H4folate + NAD(P)+

A noncovalently bound flavin adenine dinucleotide (FAD) cofactor accepts reducing
equivalents from NAD(P)H and transfers them to CH2-H4folate. Reduction of CH2-H4folate
by MTHFR is the only route for synthesis of CH3-H4folate that is utilized by methionine
synthase to convert homocysteine to methionine. MTHFR has been purified to homogeneity
(Daubner et al 1982). It is a homodimer of 77kDa subunits and partial proteolysis has
revealed two spatially distinct domains: an N-terminal domain of 40kDa that performs the
enzymatic reaction and contains determinants for binding of FAD, NAD(P)H and CH2H4folate. The C-terminal domain is composed of subunits of 37kDa, which contains the
allosteric regulator S-adenosylmethionine (Sumner et al 1986) and regulates the activity of
the enzyme in response to allosteric inhibitors.

The human gene has been mapped on chromosome lp36.3 by using fluorescence in situ
hybridization (Goyette et al 1994). There is a high degree of conservation homology between
species from Homo sapiens to E. Coli, attesting the importance of the enzyme (Goyette et al
1994). It is mainly expressed in the liver and it is a cytosolic enzyme. Goyette et al (1998)
defined the structure of the human and mouse genes. A human genomic clone was found to
contain the entire cDNA sequence of 2.2kb, there were 11 exons ranging in sizes from 102bp
to 432bp. Intron sizes were between 250bp and 1.5 kb with one intron being 4.2kb long. The
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sequence at the 5’ flanking region and the promoter sequence of the MTHFR gene are not
available.

The mouse MTHFR gene structure was also characterized and there was a 90% homology
with the human equivalent. The available amino acid sequence of the human enzyme,
provided further information into the functional organization of the enzyme (Goyette et al
1998).

Patients with severe deficiencies of MTHFR (0-20% in fibroblasts), can have variable
phenotypes, such as developmental delay, motor and gait abnormalities, seizure and
psychiatric disturbances. Pathological changes in the vascular system, include atherosclerosis,,
myocardial infarction and multiple thromboembolic complications. The mode of inheritance
is autosomal recessive. Allelic heterogeneity is likely considering the diverse clinical
features, the variable levels of enzyme activity and the differential clinical severity. Fifteen
mutations have been identified so far in the gene. Two of them are of polymorphic nature, the
C677T (Frosst et al 1995) and A1298C (van der Put et al 1998).

Frosst et al (1995) identified a C-to-T substitution at nucleotide 677 that substituted an
alanine to a valine residue (A222V). The alteration created a Hinfi endonuclease restriction
site that was used to screen 114 unselected French Canadian chromosomes; the allele
frequency of the substitution was 0.38. The mutation in the heterozygous or homozygous
state correlated with reduced enzyme activity. The activity is 50% at 37°C and ceases
completely at 46°C. In vitro expression of the mutagenized cDNA containing the mutation
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confirmed its effect on thermolability of MTHFR. Individuals homozygous for the mutation
had significantly elevated plasma homocysteine levels. Thus, the C677T mutation may
represent an important genetic risk factor in vascular disease. Although it is well established
that homocysteine is an independent risk factor for coronary artery disease, there are many
conflicting reports concerning the importance of the thermolabile variant of MTHFR and a
raise in plasma homocysteine levels. In a recent meta-analysis Brattstrom et al (1998)
concluded

that

although

the

C677T

mutation

is

a

major

cause

for

mild

hyperhomocysteinaemia, the mutation does not increase cardiovascular risk. In a similar
meta-analysis, Fletcher and Kessling (1998) concluded that there is an association between
the thermolabile variant of the MTHFR gene and elevated plasma homocysteine levels, which
in turn is an independent risk factor for atherosclerosis. They suggested that whether a casecontrol study is able to demonstrate this association, depends on the power of the study in
terms of individuals participating and ways of selecting a disease group. Also measurement
of homocysteine levels and folate levels is important since the genotype itself is only an
indication of a possible predisposition to CAD.

The frequency of the T allele in the MTHFR gene varies widely among populations.
Gudnason et al (1998), reported that the frequency of the rare allele is 0.23 in Baltic
countries, 0.33 in the UK, 0.34 in middle Europe and 0.41 in the South of Europe. No
significant difference was reported between cases and controls. The frequency of this allele is
very different in black populations, 0.10. Different populations have different gene pools and
environment and as a result different incidences of several disease. Therefore, a per se allelic
frequency can not be established. Furthermore, although homocysteine levels are gender
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specific, the frequency of the thermolabile variant is not significantly different among
genders. The presence of the thermolabile variant has been associated with neural tube
defects (Whitehead et al 1995) and it is more common in mothers of offspring with neural
tube defects than in the general population.

In most studies folate levels should also taken into consideration and usually high levels of
homocysteine are associated with low levels of folate. The presence of the thermolabile
variant is associated with low levels of folate. Frosst et al (1995) found that the alanine
residue is conserved in porcine MTHFR and in the corresponding bacterial metF genes. They
observed a region of homology in the human dihydro folate reductase gene (DHFR). Although
the alanine residue is not itself conserved, the region of amino acids 130-149 of DHFR
contains Thrl36, which has been implicated in folate binding of the human DHFR. This
region in MTHFR may also be involved in folate binding and the enzyme may be stabilized
in the presence of folate.

Guenther et al (1999) described how a model of folate stabilizes MTHFR in E. Coli and
suggested a similar mechanism for humans. There is a 30% sequence identity between the
human and bacterial enzyme. The human MTHFR has not been expressed and purified. Using
X-ray analysis of E. coli MTHFR, they described a model for the catalytic domain that is
shared by all MTHFRs. This domain is a P8a 8 barrel that binds FAD in a novel fashion. The
human Ala 222 is near the bottom of the barrel and distant from the FAD. The mutation does
not affect

or kcat but instead increases the propensity of bacterial MTHFR to lose its

essential flavin cofactor more readily than the wild type. With both wild type and mutant
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enzymes, addition of folate derivatives results in decreased rates of flavin release and activity
loss. Therefore, protection by folate may result from increased affinity of MTHFR mutant for
FAD in the ternary complexes of enzyme, folate and FAD.

Bagley et al (1997) used a chromatographic method for folate analysis to test the hypothesis
that the thermolabile variant is associated with altered distribution of red blood cell folates
(RBC). An alteration was found as manifested by the presence of formylated tetrahydrofolate
polyglutamates in addition to methylated derivatives in the RBCs from homozygous mutant
individuals. 5-Methyltetrahydrofolate polyglutamates were the only folate form found in
RBCs from individuals with the wild type genotype. Existence of formulated folates in RBCs
only from individuals with the thermolabile variant is consistent with the hypothesis that
there is in vivo impairment in the activity and this results in altered distribution of folates.

Van der Put et al (1998) identified another polymorphism of the MTHFR gene: the A1298C
mutation that changed a glutamate into an alanine residue. The mutation destroyed an Mboll
recognition site and had an allele frequency of 0.33. The A1298C mutation resulted in
decreased MTHFR activity, which was more pronounced in the homozygous than
heterozygous state. Neither the homozygous nor the heterozygous state was associated with
neither higher plasma homocysteine nor a lower plasma folate concentration, phenomena that
are evident with homozygosity for the C677T mutation. However, combined heterozygosity
at the 2 polymorphic sites was associated with reduced MTHFR specific activity, higher
homocysteine and decreased plasma folate levels. Thus, combined heterozygosity for both
MTHFR mutations resulted in features similar to those observed in homozygous for the 677T
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mutation. This combined heterozygosity was observed in 28% of the neural tube defect
(NTD) patients compared with 20% among controls, resulting in an odd ratio of 2.04. The
data suggested that combined heterozygosity for the 2 common mutations accounts for a
proportion o f folate-related NTDs, which is not explained by homozygosity for the 677T
mutation.

1.6.3 Methionine Synthase (MS)

Functional deficiency of methionine synthase is an autosomal recessive disorder of folatecobalamin metabolism (Watkins et al 1989, Harding et al 1997). The remethylation of
homocysteine

to

form

methionine

is

catalyzed

by

the

cytoplasmic

enzyme

5-methyltetrahydrofolate- homocysteine-methyltransferase, also called methionine synthase
(see figure 1.2). This enzyme requires methylcobalamin (MeCbl), a derivative of cobalamin,
or vitamin B12, for activity. It is widely expressed, highest levels are present in pancreas,
heart, brain, skeletal muscle and placenta and at lower levels it is present in lung, liver and
kidney derived tissue. A possible case of deficiency of this enzyme was reported by Arakawa
et al (1967). The patient was a 6-month-old girl with mental retardation, megaloblastic
anemia and high folate activity in the serum and red cells. Assays of liver showed the specific
activity of N-5-methyltetrahydrofolate-homocysteine methyltransferase, measured in the
presence of cyanocobalamin, to be 32 to 45% of that in control liver. The patient was not
homocystinuric.

When extracts, prepared

from cultured fibroblasts grown in medium
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containing

cobalt-57-labeled cobalamin, were analyzed by polyacrylamide gel, intracellular radioactivity
was found to be associated with methionine synthase (Mellman et al 1979). For this reason
and also because rodent and human forms of the enzyme were electrophoretically
distinguishable, these workers could use binding to identify the presence of human
methyltransferase (MTR) in rodent-human somatic cell hybrids. By this approach, they
assigned the methyltransferase gene to chromosome 1.

Two forms of the disease have been described, each the result of a defect in a single gene
product as defined through cell fusion-based complementation studies (Watkins et al 1988).
One form occurs as a result of a defect in the MS protein itself and is defined by the cblG
complementation group o f disorders in cobalamin metabolism. The second form is defined by
the cblE complementation group and corresponds to a deficiency in methionine synthase
reductase (MSR). MSR is required for the reductive activation of methionine synthase. Both
enzymatic defects lead to hyperhomocysteinaemia, homocysteinuria, hypomethioninaemia
and megaloblastic anemia (Watkins et al 1989, Harding et al 1997). Patients have a wide
range of clinical symptoms, including severe developmental delay, ataxia, cerebral atrophy,
neonatal seizures and blindness.

Li et al (1996) described the isolation and characterization of the human methionine synthase
cDNA. To isolate the MS cDNA they took advantage of the evolutionary conservation of MS
and identified sequence blocks of the homologous E. coli METH gene that showed high DNA
homology with sequence blocks of MS from C. elegans. They then designed primers for 4
regions of high DNA homology and used these to PCR amplify first strand cDNA from
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human lymphoblastoid cell lines. One of the primer pairs amplified a 350 bp fragment that on
sequence analysis had 64% homology with the C. elegans protein. The 350 bp PCR fragment
was used to isolate a clone from a hepatoma cDNA library. This clone extended from the
middle of the predicted open reading frame to a few hundred bp upstream of the predicted
start codon. Additional clones were identified in the EST database by searching with the
C-terminal ends of the C. elegans and the E. coli proteins.

The same authors reported that the human MS gene encodes a protein of 1,265 amino acids.
The MS cDNA probes detected a 7.5kb and a lOkb transcript in a range of different human
tissue. The human probe hybridized to a single 5kb message in mouse tissues. They used the
cDNA probes for chromosome mapping by in situ hybridization studies. They reported that
the MTR gene maps to Iq42.3-lq44. Zhang et al (1997) found that the MTR gene maps to
proximal mouse chromosome 13.

The role of MS was reviewed in homocysteine metabolism (Li et al 1996). They noted that
loss of function mutations in MS would cause increased levels of plasma homocysteine. They
noted also that defects in MS activity may play a role in tumorigenesis, since approximately
50% of tumor cells require the addition of exogenous methionine for growth and
homocysteine and folate cannot replace methionine. They concluded that since methionine
can only be synthesized by methylation of homocysteine, the inability of tumor cells to grow
on homocysteine suggests they have a defect in methionine synthase.

With that in mind, Gulati et al (1996) analyzed the molecular basis for methionine synthase
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deficiency in cell lines derived from 2 cblG patients. The 79/76-cell line (from a patient with
severe neurologic dysfunction and homocystinuria but no megaloblastic anemia) had low
levels of MS activity and a diminished level of MS mRNA. In the WG1892 cell line (from a
patient with mental retardation, macrocytic anemia, and homocystinuria) they detected a
proll73-to-leu mutation and a 3-bp deletion leading to loss of ile881. Onset of symptoms
was within the first 4 months of life for each patient.

Independently and simultaneously, Leclerc et al (1996) sought to clone the human MS gene
by identifying 4 regions of homology among methionine synthases of 3 bacteria and C.
elegans. They utilized sequence in these regions to design degenerate oligonucleotides to
derive PCR products from reverse transcribed cDNA. These PCR products were then used to
clone the human methionine synthase gene. They reported that the methionine synthase gene
is 3,795 bp in length and encodes a 1,265-amino acid protein and concluded that the cDNA
that they had isolated represented methionine synthase on the basis of sequence homology
and by identifying mutations in cb\G patients with deficiency of enzyme activity. They used
cDNA probes and fluorescence in situ hybridization to assign the methionine synthase gene
to chromosome lq43. Two mutations were identified in the vicinity of the cobalamin binding
domain in cell lines derived from patients with cblG disease. One of the two mutations is a
point mutation which results in the substitution of an aspartic acid for a glycine residue
(D919G) A2756G. Studies have shown (van der Put et al 1997, Morita et al 1999) that this
mutation is not associated with increased risk of coronary heart disease or neural tube defects.

Recently the gene coding for MSR, was localized to chromosome 5pl5.2-pl5.3 (Leclerc et al
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1998) and two mutations were identified in cblE patients. Wilson et al (1999) reported further
eleven new mutations and suggested that the MSR protein is required for the proper function
of the MS enzyme.

1.7 Pathophysiology of hyperhomocysteinaemia

Homocysteine may promote atherosclerosis in several ways. Possible mechanisms include
effects on platelets, endothelium, coagulation and clotting factors, arterial wall, proliferation
of smooth muscle cells and connective tissue. In patients with homocysteinuria due to CBS
deficiency or MTHFR deficiency, the arteriosclerotic lesions are described as fibrous and
contain excessive amounts of smooth muscle cell, deposition of collagen and other
extravascular matrix components and degeneration and destruction of elastic fibres (McCully
et al 1993). In thistf fibrous plaques lipid deposition is often absent (McCully et al 1993)
supporting the hypothesis that arteriosclerosis in hyperhomocysteinaemia may not depend on
hyperlipidemia (Dudman et al 1993). Most of the evidence favoring homocysteine as an
atherosclerotic risk factor comes from in vitro experiments, where the homocysteine
concentrations used was much higher than those found in vivo. The available evidence is
sometimes conflicting and no well-established hypothesis has yet emerged that explains how
elevated plasma homocysteine contributes to the development of atherosclerosis.
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1.7.1 Endothelium

The endothelium is an important control center of vascular functions. It regulates the vascular
tone and the permeability, the composition of subendothelial matrix, the balance between
coagulation and fibrinolysis and the proliferation of vascular smooth muscle cells.
Endothelium produces several components and regulatory mediators in order to perform these
functions. Such components are endothelium derived relaxing factor (nitric oxide),
prostanoids, endothelin, adhesion molecules, cytokines, von Willebrand factor (vWf), and
angiotensin-II, plasminogen activator inhibitor-1 (PAI-1) (De Jong et al 1997). Changes in
the normal function and /or production of any of these factors result in endothelial
dysfunction. Several studies have attempted to elucidate the role of homocysteine on the
endothelium components. Wall et al (1980) using homocysteine thiolactone, to investigate
cytotoxicity,

demonstrated

that

endothelial

injury

was

related

to

homocysteine

concentrations. The concentrations used were much higher than those found in vivo and
maybe this finding specifically applies to homocysteine thiolactone, since others have failed
to report such an effect with homocysteine (Rodgers et al 1986).

De Groot et al (1983) demonstrated that homocysteine is toxic to the cells by showing that
cultured human umbilical and bovine aortic endothelial cells exposed to homocysteine exhibit
concentration dependent creatinine release, trypan blue uptake, cell detachment and cell lysis
all of which are indications of cytotoxicity.

Sulfhydryl compounds serve as electron donors in oxidation systems and react with transition
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metal ions i.e. Fe3+ and Cu2+. Homocysteine generates hydrogen peroxide within cultured
endothelial cells (Olszewski et al 1993). This is the result of autooxidation of homocysteine
in the presence o f

transition metals. Superoxide has the capacity to oxidize LDL and

therefore enhance LDL uptake. Furthermore, thiolation is the introduction of thiol groups into
LDL by reaction of homocysteine thiolactone (HTL) with free amino groups of apoB protein.
The result of thiolation of LDL is aggregation of LDL, phagocytosis and degradation.
Introduction of sulfhydryl groups into LDL, facilitates LDL to form disulfide bonds with
sulfyhydril groups of the kringle domains of apo(a) generating lipoprotein (a). Atherosclerotic
plaques contain sulphated proteoglycans that are believed to originate from the conversion of
HTL to sulphate and phosphoadenosine phosphosulphate. Excessive sulphuration results in
protein precipitation and formation of crystals.

Recent studies in hyperhomocysteinemic animals (Lentz et al 1996) and human (Tawakol et
al 1997) provided evidence that in the presence of high levels of homocysteine, endothelium
can not produce sufficient amounts of nitric oxide. This impaired endothelial function is
believed to be an early step in the pathogenesis and pathophysiology of atherosclerosis
(Celermajer et al 1992) and demonstrate a potentially important mechanism through which
homocysteine may predispose to vascular disease.

1.7.2 Platelet Dysfunction

Platelet adhesiveness and survival are variably affected by homocysteine. In homocysteinuric
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patients platelet survival has been shown to be abnormally low ( Stabler et al 1988). This was
in line with the findings of Harker et al (1974) who provided evidence that platelets are
important in the process of atherosclerosis in homocysteinaemic primates. They reached that
conclusion by demonstrating that platelet consumption correlated with intimal lesion
formation and that by the use of dipyridamole (a platelet inhibitor) platelet mediated
proliferation could be inhibited. Platelets are very important elements of the thrombogenic
process and several studies have been performed on the effect of platelet exposure to
homocysteine and its oxidized derivatives. The results of these studies are controversial. The
normal lifetime of platelets is about 9 days and in the presence of homocysteine is 4-5 days.
Harker et al (1974) suggested that the interaction of platelets with injured intimal surfaces
and their incorporation into thrombi may lead to a shortened platelet survival. Increased
platelet ‘stickiness’ was demonstrated in the blood of homocysteinuric patients and after the
addition of homocysteine to plasma. More recent studies did not confirm these observations
(Hill-Zobel et al 1982).

Thiols react in presence of nitric oxide (NO) and EDRF to form S-nitrosothiols, compounds
with potent vasodilatory and platelet effects. Therefore it could be hypothesized that Snitrosation of homocysteine would confer these beneficial bioactivities to the thiol and
attenuate the pathogenicity of homocysteine. There is a marked platelet accumulation at sites
of vascular injury and platelet rich occlusive thrombi are features of both human and
experimental hyperhomocysteinaemia according to a number of studies (James et al 1990,
Harker et al 1974). To explain this finding, McCully et al (1987) reported proaggregatory
effects of homocysteine and HTL. These proaggregatory effects though, were difficult to
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reproduce. The same authors suggested that the free base of HTL dissolved in chloroform but
not its polar salts or other water-soluble forms of homocysteine inducing aggregation in
association with thromboxane production. Stamler et al (1993), reported that homocysteine
and HTL are weak platelet inhibitors and do not directly promote platelet aggregation but
homocysteine mediated endothelial injury with consequent attenuation of EDRF/NO
production attenuates endothelial mediated platelet inhibition and predisposes to platelet
activation. This aggregation of platelets may play a role in progression of atherosclerosis or in
the proagulant state for development of thrombosis, deep venous thrombosis or myocardial
infarction.

1.7.3. Coagulation-Clotting

Homocysteine activates Factor XII and induces arterial endothelial cell Factor V activation
(Rodgers et al 1990). High concentrations of homocysteine may inhibit thrombomodulin
(Lentz et al 1991), this is attributed to homocysteine acting as a competitive inhibitor for
thrombin binding to thrombomodulin (Rodgers et al 1990). Because the binding of thrombin
to thrombomodulin enhances formation of the anticoagulant activated Protein C and inhibits
thrombin activation of fibrinogen, a deficit in thrombomodulin, enhances fibrin formation.
These events change the proagulation/anticoagulation balance and promote the risk of
thrombosis. In homocysteinuric patients there is activation and hyperconsumption of Factor
VII, Factor X and antiprothrombin III (Munnich et al 1983, Giannini et al 1975, Lieberman et
al 1993). Also levels of coagulation factors are reduced. Simultaneous presence of Factor V
Leiden and elevated homocysteine levels dramatically increases the risk of development of
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deep venous thrombosis (Seligsohn and Zivelin 1997).

1.7.4 Arterial wall

Infusion of homocysteine into baboons results in the formation of atheromata (Harker et al
1983). Exposure to homocysteine leads to a marked increase in vascular smooth cell
proliferation in vitro, this effect is partly due to an increase in the expression of messenger
RNA of cyclin D1 and cyclin A (Tsai et al 1994). The same group (Tsai et al 1996) suggested
that homocysteine promotes atherogenesis by inducing proliferation of vascular smooth
muscle cells. More recently, Tang et al (1998), examined the effect of homocysteine on DNA
synthesis in human muscular smooth muscle and reported that homocysteine has a biphasic
effect on DNA synthesis with initial stimulation and subsequent depression of thymidine
incorporation. It should be noted however that the concentrations used, were much higher
than those found in vivo. But they provided evidence that homocysteine has the ability to
stimulate smooth muscle cell proliferation which is considered an important component of
atherosclerosis.

1.8 Homocysteine as a risk factor and association with other risk factors

There is number of independent risk factors that contribute towards the development of
atherosclerosis. Risk factors include blood pressure, cigarette smoking, cholesterol, LDL-C,
HDL-C and diabetes. Factors such as obesity, left ventricular hypertrophy, family history of
premature CAD, have also been considered in defining CAD risk (Anderson et al 1991, The
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expert panel 1993(a) and 1993(b). Other, factors such as homocysteine, fibrinogen, C-reactive
protein, and soluble cell adhesion molecules may also have a role in risk stratification.
Physical inactivity, age, male gender and menopause have all been associated with CAD (as
in Table 1.1).

Karmin et al (1998), suggested that homocysteine stimulates the production of cholesterol
and there is a positive correlation. HMG-CoA reductase catalyses the rate limiting step in
cholesterol biosynthesis (Brown et al 1984). The enzyme is regulated by several mechanisms
including repression of gene transcription (Osbome et al 1987) and rate of enzyme turnover
(Goldstein et al 1984). In cells, the enzyme is suppressed by cholesterol derived from LDL
(Brown et al 1984). Homocysteine can remove or overcome the feedback inhibition imposed
by LDL and produce a further enhancement of the enzyme activity. Since it takes
considerable amount of time for homocysteine to trigger the effect, it is not likely to be a
direct interaction between homocysteine and enzyme but rather a cascade mechanism
(Karmin 1998). Homocysteine may cause upregulation of HMG-CoA reductase synthesis at
transcription or translation level.

In addition there seems to be synergistic interaction between homocysteine and other
thrombogenic risk factors. Mandel et al (1996), found that patients with concurrent
homocystinuria and factor V Leiden have an increased risk of thrombosis. Ridker et al
(1997), found the same and suggested that carriers of the thermolabile variant and factor V
Leiden had a 10 fold increase risk in any venous thromboembolism (p<0.009). Franken et al
(1993) reported a case where presence of hyperhomocysteinaemia and protein C deficiency
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led to cerebrovascular disease only when both factors were present and suggested a
synergistic interaction.

In a meta-analysis of 27 observational studies (23 cross sectional or retrospective casecontrol, and four nested case-control studies based on prospective cohorts) including about
4000 patients (Boushey et al 1995), raised total homocysteine (defined as above the 90th or
95th percentile o f controls) was associated with an increased risk of fatal and non-fatal
atherosclerotic vascular disease in the coronary (OD1.7, 95% Cl 1.5-1.9), cerebral (OD 2.5
95% Cl 2.0-3.0), and peripheral (OD 6.8 95% Cl 2.9-15.8) circulation. Furthermore,
assuming a graded, linear relation between homocysteine levels and vascular disease, they
(Boushey et al 1995) estimated that a 5pmol/L increase in homocysteine was associated with
an increase in vascular risk of one-third, which is of similar magnitude to an increase of
plasma cholesterol of 0.5mmol/L. The magnitude of risk was similar to that of other risk
factors (Table 1.5) (from Boushey et al 1995).
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Table 1.5: Modified lipid and total homocysteine risk factors, relative risk (RR), and
population attributable % risk for CAD (% risk for CAD)
FACTOR

ESTIMATED RR

% RISK FOR CAD

TOTAL CHOLESTEROL PER 0.5MMOL/L

1.3

23

1.3

18

1.3

16

2.4

24

(WOMEN)

12.9

37

(MEN)

1.4

10

(WOMEN)

1.4

6

3.2

14

(MEN)
LDL-C>3.36 MMOL/L

(MEN)
(WOMEN)

bDL-C< 0.91 MMOL/L

HOMOCYSTEINE 5(aMOL/L

HOMOCYSTEINE >16pmol/L

(MEN)

(MEN)

Since that report, (Boushey et al 1995), several case control studies have been performed,
supporting their findings. The largest case-control study performed recently (Graham et al
1997) for the European Concerted Action Project, suggested that an increase in total
homocysteine is an independent risk factor similar to that of smoking and hyperlipidemia. In
that study they examined the relationship between elevated homocysteine levels and CAD
and association of homocysteine with other conventional risk factors and concluded that an
increase of 5pmol/L was associated with an odds ratio of 1.3 (95% Cl 1.1-1.6) for men and
odds ratio of 1.4 (95% Cl 1.0-2.0) for women for developing coronary artery disease. Table
1.6, summarizes their findings.
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Table 1.6: Relative risk from elevated homocysteine
Relative Risk Observed
Both sexes (adjusted for conventional

for all vascular

factors)
Elevated Homocysteine

Fasting

1.9(1.4-2.4)

Postload

1.8(1.4-2.4)

Increase

1.4(1.1-1.9)

Elevated Homocysteine- fasting and
Hypercholesterolemia

2.1

smoking

4.6

hypertension

11.3

Elevated Homocysteine-Postload and
Hypercholesterolemia

2.5

smoking

5.1

hypertension

7.8

In a meta analysis of ten case-control studies performed between 1984 and 1997, den Heijer
et al (1998) concluded that hyperhomocysteinaemia is a risk factor for venous thrombosis
with odds ratio o f 2.5 (95% Cl 1.8-3.5) for a fasting plasma homocysteine concentration
above the 95th percentile or mean plus two standard deviations calculated from the
distribution of the respective control group.

Several prospective studies have also been performed (Hankey et al 1999). These studies
although they have different end-points, are not consistent. The without doubt positive studies
(Stampfer et al 1992, Wald et al 1998, Amesen et al 1995, Perry et al 1995, Nygard et al
1997) had relative risks over 1. Nygard et al (1997), observed a strong graded relation
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between increasing homocysteine and overall mortality in patients with angiographically
demonstrated coronary artery disease. Further reports from the Physician’s Health Study
(Verhoef et al

1994,

1997) have not found a significant association between

hyperhomocysteinaemia and MI, new angina, or stroke.

Furthermore, studies have shown that homocysteine levels are higher in older people
(Bratstrom et al 1994) and in men than in women (Mayer et al 1996). Postmenopausal
women have similar homocysteine levels as men and also women on hormone replacement
therapy have lower levels compared to those who do not receive such treatment (Mijatovic et
al 1998). There is also evidence that smokers have higher homocysteine levels compared to
non-smokers (Nygard et al 1995). The exact molecular mechanism through which smoking
elevates homocysteine levels is not known.

1.8.1 Other factors

Several drugs and toxins may increase plasma homocysteine concentration. Methotrexate
depletes folate, which is the substrate for methionine synthesis and causes a transient increase
in homocysteine concentration (Ueland 1989). Phenytoin may also interfere with folate
metabolism leading to moderate elevation of homocysteine levels. Chronic renal failure
(Wilchen et al 1980) and liver disease are associated with elevated homocysteine levels.
Finally, increased coffee consumption has been related to elevated homocysteine levels
(Nygard et al 1998).
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1.9 Animal models

Watanabe et al (1995) generated mice that were moderately and severely homocysteinemic,
using homologous recombination in mouse embryonic stem cells to inactivate the CBS gene
in order to determine whether elevated plasma homocysteine concentrations are directly
causative of cardiovascular diseases. Homozygous mutants completely lacking CBS were
bom at the expected frequency from matings of heterozygotes, but they suffered from severe
growth retardation and most of them died within 5 weeks of birth. Histologic examination
showed that the hepatocytes of homozygotes were enlarged, multinucleated and filled with
microvesicular lipid droplets (resembling the finding in some severe homocystinuric
patients). Plasma homocysteine levels of the homozygotes were approximately 40 times the
normal. Heterozygotes mutants had approximately 50% reduction in CBS mRNA and
enzyme activity in the liver and had twice normal plasma homocysteine levels. Thus, they
concluded that homozygotes are a useful model for the clinical disorder homocystinuria and
the heterozygous should be useful for studying the role of elevated levels of homocysteine in
the causation of cardiovascular disease. They noted that most of the homozygous mutant
mice had eyes with delayed and narrow eye openings but without obvious histologic
abnormalities. Seemingly, the homozygous did not survive long enough to develop
osteoporosis and vascular occlusions.

The effect o f moderate diet-induced hyperhomocysteinaemia, on vascular function was
examined in minipigs (Rolland et al 1995). These minipigs developed hyperpulsatile arteries,
hypertension and dilation of the aorta. Hypertrophy and reorientation of smooth muscle cells
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were also observed. These findings suggest that hyperhomocysteinaemia either directly or
through inducing endothelial dysfunction, facilitates vascular smooth muscle cells
proliferation that subsequently leads to development of atherosclerosis.

To investigate the mechanism whereby folate supplementation protects against heart and
neural tube defects, Rosenquist et al (1996) tested the effects of homocysteine on chick
embryos and the effect of added folate. The hypothesis was that homocysteine may be the
teratogenic agent, since serum homocysteine increases in folate depletion. Of embryos treated
with homocysteine or homocysteine thiolactone, 27% showed neural tube defects. A high
frequency of ventricular septal defects and neural tube defects was observed. Also, a ventral
closure defect was found in a high percentage of day 9 embryos. The teratogenic dose was
shown to raise serum homocysteine to over 150 nmol/ml, compared with a normal level of
about 10 nmol/ml. Folate supplementation kept the rise in serum homocysteine to
approximately 45 nmol/ml and prevented the teratogenic effect. They concluded that
homocysteine per se causes dysmorphogenesis of the heart and neural tube, as well as of the
ventral wall.
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1.10 Aims of the project

The main aim o f this project was to study genetic determinants of plasma homocysteine
concentration.
The specific aims were:
1. To study the genetic contribution of key enzymes in the homocysteine metabolic pathway
and gene-environment interactions in determining plasma homocysteine levels.
2. To study the effect of known polymorphisms in the MTHFR gene in two towns of
contrasting risk of coronary artery disease.
3. To study the effect of folate administration and the individual’s response according to the
common polymorphisms in the MTHFR gene.
4. To identify novel sequence in the 5’ flanking region of the MTHFR gene, detectnew
polymorphisms and study their effect on plasma homocysteine levels.
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Chapter 2: Materials and Methods

2.1 DNA extraction

2.1.1 DNA extraction from blood, ‘salting out’ method
Genomic DNA was isolated from potassium EDTA-anticoagulated whole blood (stored at 20°C until use), by the ‘salting out’ method (Miller et al 1988). This method involved cellular
lysis with sucrose lysis buffer, nuclear lysis with nuclei lysis buffer including 10% (w/v)
sodium dodecyl sulphate (SDS) and overnight protein digestion with proteinase K. This was
followed by salt precipitation of residual cell debris and ethanol precipitation of DNA. The
protocol is outlined below:

2.1.2 Cell lysis
1. Blood was thawed (without warming) and put on ice. 5ml were transferred to a 30ml
centrifuge tube.
2. The centrifuge tube was filled with cold (4°C) sucrose lysis buffer (0.32M sucrose,
10mmol/l Tris-HCL pH 7.5, 5mmol/l MgCh, 1% (v/v) Triton X-100) and inverted several
times to mix.
3. Tubes were centrifuged at 10,000 rpm for 15 min at 4°C (Sorvall RC5C centrifuge using
rotor SA-600).
4. The supernatant was carefully discarded and the pellet resuspended in 3ml ice-cold
sucrose lysis buffer and spun again (as for point 3). If the resultant pellet was dark in
colour, this step was repeated.
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5.

The supernatant was removed and 3ml nuclei lysis buffer (10mmol/l Tris-HClpH 8.2,
400mmol/l NaCl, 2mmol/l EDTA) were added and the pellet mixed thoroughlywith a
pipette.

6.

200pl 10% SDS and 125pl proteinase K (lOmg/ml; Sigma UK) were added.

7.

Tubes were incubated at 37°C overnight in an orbital shaker.

2.1.3 DNA precipitation
1. Samples can be frozen at this stage (after overnight incubation) or the method can be
continued as follows:
2. 1.5ml saturated (approximately 6M) NaCl were added and inverted repeatedly resulting in
precipitation of the remaining degraded protein.
3. Tubes were centrifuged at 10,000rpm for 10 min at room temperature.
4. Using a sterile pipette, the supernatant was carefully removed to another 30ml centrifuge
tube. The pellet was discarded.
5. Three volumes of 100% ethanol were added to the supernatant holding the tube at 45°
angle so that the alcohol layered gently on the DNA and mixed carefully. The tube was
inverted several times. The DNA precipitated on the interface as a fine white woolly
network. The DNA was removed with a hooked pasteur pipette and transferred to a
Bijoux bottle containing 70% (v/v) ethanol and then into an Eppendorf containing 0.5ml
Tris-EDTA (TE) buffer (10mmol/l Tris HC1, lmmol/1 EDTA).

2.1.4 Dissolving the DNA
To dissolve the DNA, tubes were incubated at 37°C.
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2.1.5 Determining DNA concentration
20pl of the DNA solution was diluted into 1ml TE buffer and the absorbance was measured
at 260nm (DNA) and at 289nm (protein).

2.1.6 Storage of DNA
Stock DNA was re-dissolved in 1 x TE buffer, aliquoted out in 96 deep well Beckman arrays
(Advanced Biotechnologies, Surrey, UK) and diluted in water to a concentration of about
20ng/pl 2.5 pi aliquots of template DNA were used to set up 20pl PCR reactions.

2.2 Polymerase Chain Reaction (PCR)
PCR reactions were carried out (unless otherwise stated) in a total of 20pl and overlaid with
20pl paraffin oil. Each 20pl reaction contained 8pmol of each oligonucleotide, 0.2U Taq
polymerase (Gibco-BLR Ltd., Paisley, UK), 200pmol/l each dNTP, 50mmol/l Tris-HCl (pH
8.3) and 0.01% (w/v) gelatine.

2.2.1 High throughput PCR
In order to reduce handling and storage of DNA template material for PCR, DNA replica
trays were made. DNA (40ng, or 2.5pl) was transferred from deep-well Beckman arrays to
96-well omniplates (Hybaid, Teddington, UK) using a Finnpipette multichannel (Life
Sciences, Basingstoke, Hants, UK) and allowed to air dry. The dried DNA in the base of the
wells was found to be stable and could store for periods of up to three months without a
change in PCR drop-out rate (Day and Humphries 1994). Distribution of PCR mix to all
wells was carried out with an automatic Biohit repeating dispenser (Alpha Laboratories, UK)
and likewise, paraffin oil was dispensed using a multichannel-repeating dispenser.
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2.2.2 Oligonucleotide sequence for common polymorphisms genotyped.
Oligonucleotide sequences for common polymorphisms genotyped are as described in table
2.1

Table 2.1: Oligonucleotides used for the amplification of common polymorphisms
Gene/

Oligonucleotide Sequence 5’-3’

Fragment

Polymorphism

Sense/Antisense

Size (bp)

MTHFR C677T

T GAAGGAGAAGGT GTCTGCGGG A

198

CTTTGGGGAGCTGAAGGACTACTA

A1298C

CACTTTGTGACCATTCCGGTTTG

CBS 68 bp ins

CTGGCCTTGAGCCCTGAA

Frosst

et

al

(1995)

AGGACGGTGCGGTGAGAGTG
MTHFR

Reference

163

van der Put et al
(1998)

184 or 252

Tsai et al (1996)

214

Leclerc

GGCCGGGCTCTGGACTC
MS A2756G

CAT GGAAGAAT AT GAAGAT ATT AG AC
GAACTAGAAGACAGAAATTCTCTA

et

(1996)

2.2.3 Oligonucleotide sequence for amplifying the novel 1129bp sequence identified

Oligonucleotide sequence for amplifying the novel 1129bp sequence identified upstream of
exon 1 of MTHFR gene are as described in table 2.2.
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Table 2.2: Oligonucleotide sequence for amplifying the novel 1129bp sequence identified
upstream o f exon 1 o f MTHFR gene
MTHFR

Oligonucleotide Sequence 5’-3’

Fragment Size

Gene/

Sense/Anti sense

(bp)

AGAGTCGGGATTTCACCATG

217

Fragment
A

AATCATCACAGTGACCCGCT
B

TGGGCTCAGGCAATCCTT

280

AAGGGGTGAGGGCTTGACT
C

ATGAATTCAGGAGAAATCTGGC

305

CGACAAAGGAAGAGGCTTGA
D

CTTACTAGAGCCTCAGCCCTCC

224

TCCTAGCGAGGGCAGTAGTG
E

ACT CT GGGCCT GAGCTG AC A

288

CAAAAAAGGTGACACTGCCC
Z

AT AGCTG AGGAGC AT GG AG

120

CACCCCCGACACATCAAG

2.2.4 PCR of MTHFR C677T polymorphism
Oligonuclotide sequence of the primers used for the amplification of the fragment are given
in table 2.1 and are as described by Frosst et al (1995) The PCR conditions were; 95°C for 5
min, 60°C for 1 min, and 72°C for 1 min for one cycle, and subsequently 35 cycles at 95°C
for 15 sec, 60°C for 30 sec and 72°C for 30 sec, and finally 72°C for 5 min.

2.2.5 PCR of MTHFR A1298T polymorphism
For the MTHFR A1298C the primers used were as described by van der Put et al (1998) and
the sequence is given in table 2.1. The PCR conditions were 95°C for 5 min, 52°C for 2 min,
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and 72°C for 2 min for one cycle and subsequently 35 cycles at 95°C for 1 min, 52°C for 1
min and 72°C for 1 min.

2.2.6 PCR of the 68 bp INS polymorphism
For the 68-bp INS polymorphism the primers used were as described by Tsai et al (1996) and
the sequence is given in table 2.1. The PCR conditions were 95°C for 5 min, 60°C for 1 min,
and 72°C for 1 min for one cycle, and subsequently 35 cycles at 95°C for 15 sec, 60°C for
30 sec and 72°C for 30 sec, and finally 72°C for 5 min.

2.2.7 PCR for MS A2756G polymorphism
For the MS A2756G polymorphism the primers used were as described by Leclerc et al
(1996) and the sequence is given in table 2.1. The PCR conditions were 95°C for 5 min,
52°C for 1 min, and 72°C for 1 min for one cycle, and subsequently 30 cycles at 95°C for 1
min, 52°C for 1 min and 72°C for 1 min, and finally 72°C for 5 min.

2.2.8 PCR conditions for the fragments amplified within the novel sequence identified
upstream of exon 1 of the MTHFR gene
The PCR conditions for the fragments amplified within the novel sequence identified
upstream of exon 1 o f the MTHFR gene are presented below. The primers used were as
described in table 2.2.

The following conditions were used.
Fragment A: 95°C for 4 min, 55°C for 30 sec, 72°C for 1.30 min, then 35 cycles of (95°C for
30 sec, 55°C for 30 sec and 72°C for 1.30 min).
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Fragment B: 95°C for 4 min, 55°C for 30 sec, 72°C for 1.30 min, then

35 cyclesof (95°Cfor

30 sec, 55°C for 30 sec and 72°C for 1.30 min).
Fragment C: 95°C for 4 min, 58°C for 30 sec, 72°C for 1.30 min, then

35 cyclesof (95°Cfor

30 sec, 58°C for 30 sec and 72°C for 1.30 min).
Fragment D: 95°C for 4 min, 58.5°C for 30 sec, 72°C for 1.30 min, then 35 cycles of (95°C
for 30 sec, 58.5°C for 30 sec and 72°C for 1.30 min).
Fragment E: 95°C for 4 min, 57.5°C for 30 sec, 72°C for 1.30min, then 35cyclesof (95°C
for 30 sec, 57.5°C for 30 sec and 72°C for 1.30 min).
Fragment Z: 95°C for 4 min, 55°C for 30 sec, 72°C for 1.30min, then 35 cyclesof (95°C for
30 sec, 55°C for 30 sec and 72°C for 1.30 min).

2.3 Detection of sequence variation
Genotypes for MTHFR gene, CBS gene and MS gene were determined by PCR amplification
and restriction digestion. Alleles were designated as ‘+ ’ or

indicating the presence or

absence of the cutting sites respectively.

2.3.1 HinfL digestion of the MTHFR C677T product
The C677T PCR product was subject to restriction enzyme analysis by digestion with 2 U of
Hinfi (NEB Company) restriction endonuclease/8pl of the PCR sample at 37°C for lh, in the
buffer recommended by the manufacturer.
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2.3.2. M boll digestion of the MTHFR A1298C product
The product A1298C was subjected to restriction enzyme analysis by digestion with 2 U of
M boll (HELENA Company) restriction endonuclease/8 pi of the PCR sample at 37°C
overnight, in the buffer recommended by the manufacturer.

2.3.3 Detection of the 68bp INS polymorphism
For detection of the 68 bp ins polymorphism 8 pi of the PCR product was loaded directly
onto an 7.5% MADGE and electrophored for 45 min.

2.3.4 Hae III digestion of the MS A2756G product
The A2756G product was subject to restriction enzyme analysis by digestion with 2 U of Hae
III (NEB Company) restriction endonuclease/8pl of the PCR sample at 37°C for lh, in the
buffer recommended by the manufacturer.

2.3.5 Alw44I digestion of the MTHFR -G688A product
The MTHFR -G688A product was subject to restriction enzyme analysis by digestion with 2
U of Alw44I (NEB Company) restriction endonuclease/8 pi of the PCR sample at 37°C for
lh, in the buffer recommended by the manufacturer.

2.4 Gel electrophoresis

2.4.1 Agarose gel electrophoresis
Agarose (Ultrapure Agarose BLR USA) was melted in a microwave oven to a solution of the
appropriate concentration (1-2% usually depending on the size of the PCR fragment; smaller
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fragments require higher density agarose matrix and therefore, higher agarose concentration)
in 1 x TAE (Tris-acetate; 0.04M Tris-acetate, 0.001M EDTA). The melted agarose, once
cooled slightly (50°), was poured into a gel tray (10 x 14cm) and the appropriate comb
inserted (any bubbles formed were removed by brushing a light piece o f tissue over the
surface of the wet agarose solution). Gels were run submerged in 1 x TAE buffer at 100150V.

2.4.2 Microtitre array diagonal gel electrophoresis (MADGE)
MADGE was developed to enable high throughput genotyping. MADGE consists of an openfaced horizontal ‘swimming-poor (100x150mm), 2mm deep with 8 x 12 wells. Wells are at
an angle o f 71.6° to the row of axis o f the array, but perpendicular to the long edge of the
Perspex former (Day and Humphries 1994). The maximum track length is 26.5mm, sufficient
for most post-PCR analysis. To prepare a MADGE gel, a piece of standard float glass (160 x
100 x 2mm) was cleaned with detergent followed by ethanol and dried. One side was coated
with sticky silane (0.5% (v/v) glacial acetic acid, 0.5% (v/v) y methacryloxy-propyltrimethoxy-silane and ethanol). This enables the gel to adhere to the glass plate. The glass
plate was then rinsed with distilled water and dried. 7.5% MADGE gels (50ml) were
prepared from a 30% stock polyacrylamide solution (19:1 acrylamide:bis-acrylamide)
containing 1 x TBE buffer and distilled water. Polymerisation was initiated by addition of
150p,l of both 25% ammonium persulphate (APS) and NNN’N ’-Tetramethylethylenediamine
(TEMED). The gel components were thoroughly mixed and poured into the centre of the
former and the glass plate was put on the top, silanised side down. A 250gr weight was
placed on top to maintain pressure between glass and former teeth. After polymerisation, the
glass plate (with attached gel) was detached from the former, any excess gel mix were
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scraped off the edge of the plate and the gel was either used immediately or stored in 1 x TBE
at 4°C for several weeks. 2pl formamide loading dye (98% formamide, 10mmol/l EDTA,
0.025% xylene cyanol, 0.025% bromophenol blue) was mixed with 7pl PCR product and
loaded directly onto the gel in columns of eight using a multichannel pipette. Gels were
typically run at 150V for 1 hour and the DNA visualised by staining with EtBr either pre, or
post-electrophoresis. A picture of a MADGE gel with positive and negative controls is
presented in figure 2.1.

2.4.3 Polyacrylamide gel electrophoresis (PAGE)
For DNA analysis the gels were cast using a 40% stock solution of acrylamide (Severn
Biotech Ltd., Kidderminster, UK) diluted to the final concentration needed for each
experiment and bisacrylamide to acrylamide ratio as appropriate usually 1:49 for the SSCP
and 1:19 in other experiments (sequencing). The gels were made in 10 x TBE buffer with or
without glycerol, using urea. Gel was polymerised by addition of 115 pi of both 25% APS and
TEMED in the case of an SSCP gel and 250pl of 10% APS and 35pl of TEMED in the case
of sequencing gel. Electrophoresis was performed using 1 x TBE (pH 8.3).

2.5 Detection of DNA

2.5.1 Ethidium bromide (EtBr)
Gels were either pre-or post-electrophoresis stained in EtBr. This involved soaking gels under
gentle rotation for 15 min in 1 x TBE and EtBr at a final concentration of lmg/ml. To
visualise the DNA bands, gels were put on an UV transiluminator and photographed.

70

2.5.2 Autoradiography
Gels were transferred to a 3mm Whatmann chromatography paper, dried and exposed to
Hyperfilm MP (Amersham, UK) for SSCP gels, at -70°C for 1-3 days before film
development.
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control
control

Figure 2.1: Picture of a MADGE gel. Results presented are from genotyping samples for the
C677T polymorphism. Positive (+) and negative (-) controls also presented.
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2.6 Single Strand Conformation Polymorphism (SSCP)

2.6.1 Gel preparation
Double-gel SSCP was set up to enable the rapid analysis of samples (Whittall et al 1995).
Three plates were used to pour a double gel, one larger plate (33 x 42cm) and two smaller
plates (33 x 39cm). The larger plate was labelled ‘out’ on one side and a smaller plate was
labelled ‘in’; the other smaller plate was left unlabelled. Before use, plates were washed
thoroughly in a detergent, rinsed in acetone (100%), ethanol (100%) and distilled water and
wiped dry. The unmarked surface of the two-labelled plates and both surfaces of the
unmarked plates were coated with Repelcote (2ml) and wiped with distilled water. The plates
were arranged such that the larger ‘out’ plate, rested on a raised-levelled platform with the
side labelled ‘out’ closest to the platform. The smaller unmarked middle plate was then put
on top and aligned such that the base of the plate was 0.5cm from the bottom of the out plate.
The ‘in’ plate was then placed on top with the side marked ‘in’ facing out. This plate was
aligned perfectly with the ‘out’ plate, forming a straight- labelled edge at the bottom. This
caused a staggered gel edge effect at the top where the gels would be poured. A pair of
0.4mm x 10mm x 400mm spacers supported both sides of both middle and outermost glass
plates. The three plates were clamped at the sides with bulldog clips. The bottom (out) gel
was poured first by injection between the middle and ‘out’ glass plate with a syringe. The
plates were tapped firmly to aid the flow of gel mix, and prevent the formation of bubbles.
After polymerisation (30 min), the second gel was poured. Gels were left for two hours for
complete polymerisation before use. Gels prepared in this way could be stored for two days
with 1 x TBE soaked tissues and cling film covering both sides. Care taken when pouring
gels to avoid bubble formation in the gel.
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2.6.2 Gel conditions
Gel mix (75ml/gel) was made using the following conditions:
1. 7.5% polyacrylamide non-denaturant gel (Severn Biotech Ltd., Kidderminster, UK)
bisacrylamide:acrylamide (1:49), 1 x TBE buffer, 5% glycerol electrophoresed for 20
hours at room temperature at 30mA and 300 Volt.
2. 7.5% polyacrylamide non-denaturant gel (Severn Biotech Ltd., Kidderminster, UK)
bisacrylamide:acrylamide (1:49), 1 x TBE buffer, 5% glycerol electrophoresed for 20
hours at 4°C at 30mA and 300 Volt.
3. 12.5% polyacrylamide non-denaturant gel (Severn Biotech Ltd., Kidderminster, UK)
bisacrylamide:acrylamide (1:49), 1 x TBE buffer, 5% glycerol electrophoresed for 20
hours at room temperature at 30mA and 300 Volt.
4. 12.5% polyacrylamide non-denaturant gel (Severn Biotech Ltd., Kidderminster, UK)
bisacrylamide:acrylamide (1:49), 1 x TME buffer, 5% glycerol electrophoresed for 20
hours at 4°C at 30mA and 300 Volt.

For polymerisation, 115pi of both 25% APS and TEMED were added and mixed thoroughly
before gel pouring.

2.6.3 Radioactive labelling of the PCR product
Fragments were labelled by PCR amplification with the addition of 0.1 pi per reaction
mixture of [a- P] 2’deoxycytosine triphosphate (800 Ci/mmol, lOpCi/pl; Amersham, UK).
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2.6.4 Gel loading
4pl of a 7:5 ratio mix of formamide dye (95% formamide, 10mmol/l EDTA, 0.025%
bromophenol blue, 0.025% xylene cyanol) and 0.1% (w/v) SDS containing 10mmol/l EDTA
were dispensed into a 96-well Omnigene (Hybaid Omnigene, Teddington, UK) plate. PCR
product (3 pi) was added to this, the plate was centrifuged briefly and the PCR/loading dye
mix denatured at 95°C for 5 min and snap chilled on wet ice. 5pl was then loaded using an 8channel pipette (the spacing between each channel was compatible with the Omnigene
Microtitre wells and the loading shark tooth combs). After loading the first set of samples on
both front and back gels, samples were electrophoresed at 600V until the bromophenol blue
had run 2.5-3cm at which point the electrophoresis was stopped and the second set of samples
loaded.

2.6.5 Confirmation of SSCP variation
Where apparent variations were noted, the samples were picked out for confirmation SSCP
runs. Neighbouring samples from adjacent wells were also picked to rule the possibility of
sample mis-identification resulting from error in gel loading and interpretation.

2.7 DNA sequencing
The method used is a chain termination (Sanger et al 1977) and relies upon the ability of
dideoxynucleotides, that lack the critical for phosphoribosyl chain extension, 3 ’-hydroxyl
group, to terminate a strand synthesis from a specific oligonucleotide priming site by a DNA
polymerase. The template has to be single stranded DNA. Four sequencing reactions are set
up, one for each strand to be sequenced incorporating ddATP, ddCTP, ddGTP or ddTTP in
each reaction mixture. A range a sequence specific size fragments is generated and they can
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be resolved by electrophoresis in order to determine the sequence of the synthesised strand.
Chain termination for a given size fragment should only occur in one gel track (A, C, G or T)
according with the specific base pairing of the dideoxynuclotides with the template single
strand. In order to obtain a single strand DNA template, a double stranded PCR product was
used and a single strand obtained by boiling the template.

2.7.1 Purification of the PCR amplified template.

2.7.1.1 PCR purification from low melting point agarose gel after electrophoresis for
sequencing
This method was used when more than one fragments were generated from the PCR reaction.
5pl of the PCR generated product was run on a 1-1.5% agarose gel stained in ethidium
bromide. When the expected fragment or range of fragments were identified, then the rest of
the reaction (45 pi) was loaded into a single well on a 1.5% LMP agarose (Nusieve, FMC
Bioproducts, USA) and electrophoresed in a 1 x TAE with ethidium bromide at 100V for the
time necessary to separate the fragment clearly from the oligonucleotides. The gel was then
transferred onto a transilluminator and the band excised and transferred into a 1.5ml
eppendorf tube. Then the QIAquick Gel Extraction Kit Protocol (Qiagen, UK) was followed.
To elute DNA, at the very final stage,

3 0 jli1

of distilled water was added to the eppendorf

tube.

2.7.2 Purification of PCR products using a microcentrifuge.
This method was employed for purification of PCR products, where only the desirable size
fragment was amplified and there was no primer-dimer present. After PCR, 5pi of the PCR
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generated product was run on a 1-1.5% agarose gel stained in ethidium bromide. When the
expected fragment was identified, then the rest of the reaction (45 pi) was used and the
QIAquick PCR Purification Kit Protocol (Qiagen, UK) was followed to purify the PCR
product. At the very final stage, to elute DNA, 30pl of distilled water was added to the
eppendorf tube.

2.7.3 PCR fragments and sequencing primers.
For sequencing the 1129bp fragment obtained upstream from exon 1 of the MTHFR gene,
primers pUC/ M l3 forward and pUC/M13 reverse were used. The sequences are given
below.
pUC/M13 forward: AACAGCTATGACCATG
pUC/M13 reverse:TGACCGGCAGCAAAATG
For sequencing fragment C the sequences of the primers used are as described in table 2.2.

2.8 Sequencing Protocols
The sequencing is based on the protocol from the ABI Prism dRhodamine Terminator Cycle
Sequencing Ready Reaction Kit (PE Applied Biosystems, Cheshire, UK).

2.8.1 Sequencing from a double stranded PCR product
The template was obtained as described in Section 2.2.1-8. The sequence primers were used
in the concentration of 3.2pmol/20pl reaction. All reagents aliquoted before the reactions
were started so everything was done in a continuous way. All reactions were performed in an
eppendorf tube.
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2.8.2 Annealing of the template to the primer
The sequencing reaction contained: 8.0pl of terminator ready reaction mix, 30-90ng of PCR
product, 3.2pmol of primer and made up to a final volume of 20pl with distilled water.
Reaction mixture was covered with 20pl of paraffin oil. Tubes were then place in PCR block
(Omnigene, Hybaid, UK). The conditions of the Cycle sequencing reaction were: (96°C for
30 sec, 16°C for 30 sec, 50°C for 15, 60°C for 5 sec) x 25 cycles.

2.8.3 Purification of samples after Cycle sequencing reaction to be loaded onto the gel
Ethanol precipitation was used to remove excess dye terminators. The protocol used is as
follow^ .
1. Remove 20pl of the Cycle sequencing reaction product avoid touching the paraffin oil
and transfer it into a new eppendorf tube.
2. Add 7pi of 3M Ammonium Acetate.
3. Add 68pl of 95% ethanol.
4. Quick vortex.
5. Leave at room temperature for 15 min.
6. Spin at 14,000rpm for 30 min.
7. Pipette off ethanol from opposite side of the pellet.
8. Add 250pl freshly made 70% ethanol.
9. Spin at 14,000rpm for 10 min.
10. Pipette off ethanol from opposite side of the pellet.
11. Leave tubes open to air dry-cover with white tissue paper and place them in a dark place.
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2.8.4 Preparation of sequencing gel and loading of samples
Gels were prepared as described in section 2.4.3. The gel was pre-warmed by setting power
to 65W (1600V, 80mA) and running in 1 x TBE buffer for 30 min. 4pl of loading dye was
added to the dried samples and the samples were resuspended. Then the samples were
denatured at 95°C for 5 min and put straight into ice water to prevent annealing. 2.5pi of the
mixture was added onto the polyacrylamide gel. The remaining 1.5pi of each sample were
frozen at - 20 °C.

2.9 Chromosome Walking
Several PCR methods are available for walking from a known region to an unknown region
in cloned or uncloned genomic DNA. The methods are of three types: inverse PCR, randomly
primed PCR and adaptor ligation PCR. Here an improved adaptor ligation method was used,
combining ‘vectorette PCR’ with ‘suppression PCR’. An outline of the method is given in
figure 2.2 and then the method is described in detail.
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Digest of genomic DNA with rare restriction enzymes

I
Precipitation of digested DNA

I
Ensure complete digestion by electrophoresis

I
Ligation into the ‘adaptor’ system

I
Nested PCR

I
Cloning into pGEM-T vector

I
Transformation into competent cells

I
Isolation of recombinant plasmid

I
Sequencing of plasmid

I
Characterisation of novel sequence

Figure 2.2: Principle behind chromosome walking using a ‘vectorette ‘ method.
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2.9.1 Digest of genomic DNA with rare restriction enzymes
2.5pg of genomic DNA (stock concentration 295pg/ml) was digested in different reaction
with the following enzymes:
1. Sea I
2. P vu II
3. EcoR V
4. Dra I
5. Ssp I
6. EcoR I
7. X h o l
8. Bam H I
9. Hind III
10. B g lll

All reactions were carried out at a final volume of lOOpl, containing 100 units of enzyme,
lOpl of the appropriate buffer, as recommended by the manufacturer and distilled water in an
eppendorf tube. Tubes were incubated overnight at 37°C in buffers as recommended by the
manufacture (Promega, UK Ltd.). Complete digestion was ensured by running 5pi of sample
on an agarose gel as described in section 2.4.1.

2.9.2 Precipitation of digested DNA
1. Equal volume of phenol (95pi) was added to the digested DNA and the sample was
mixed gently.
2. Samples were spin at 14,000rpm for 2 min.
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3. The top layer, containing aqueous DNA was transferred to a new tube. Care was taken
not to touch the interface.
4. An equal volume of chloroform/amyl alcohol (24:1) was added and the sample was
mixed gently.
5. Samples were span at 14,000rpm for 2 min.
6. Top layer was transferred to a new tube and 2.5 x volume of 95% ethanol and 1/10
volume of 3M Sodium Acetate was added.
7. Samples were stored at -20°C overnight or at -70°C for 15 min.
8. Samples were spin at 14,000rpm for 10 min.
9. Solvents were removed and the pellet was air-dried.
10. Pellet was resuspended in 20pl of lOmM Tris-HCl pH 7.5, 0.1 mM EDTA.

2.9.3 Preparation of the adaptor stock
The adaptor stock was prepared by mixing 25pl of adaptor 1 and 25pl of adaptor 2. 50pl of
0.1M Tris-HCl pH 7.5 was added to the mixture. The mixture was heat to 40°C and then let
to cool in ice water. The lOOpl of adaptor stock was 25 pM. The working concentration of the
adaptor should be 5pM, therefore 5-fold dilution was performed. The stock was stored at 20°C.
The sequences o f adaptor 1 and adaptor 2 are given below:
Sequence of adaptor 1: 5 ’CGATCCTAATACGACTCACTATAGCGC3 ’
Sequence of adaptor 2:5’ATAGCGCTCGAGCGGC3 ’
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2.9.4 Ligation of digested DNA to the adaptor.
lOpl of digested DNA was ligated to an excess of adaptor overnight at 16°C under the
following conditions: 50mM Tris-HCl pH 7.5, lOmM MgCl, 0.5 mM ATP, lOniM
dithiothretitol, 5pM adaptor and 10 U T4 DNA ligase (Life Technologies, UK) in a total
volume of 20pl. The ligation reaction was terminated by incubation of the tubes at 70°C for 5
min, then diluted 10-fold by addition of180pl of distilled water and stored at -20°C.

2.9.5 Nested PCR
PCR was performed as described in section 2.2. The only difference was the use of a long
distance thermostable DNA polymerase mixture used, TaqPlus Precision polymerase mixture
(Stratagene UK). Internal antisense primers were designed in exon 1 of the MTHFR gene.
The sequence of the primers were as in table 2.3.

Table 2.3: Internal antisense primers in exon 1 of the MTHFR gene
Primer

Sequence

P310

GGTT AAGCT GAGAGGCGGG AGT GGT GGT GC

P136

CCAAAGATAGTTCGAGATGTTCCACCCCGG

The first PCR was performed using adaptor primer 1 (API) and P 310 primer on an Omnigene
Kit at the following conditions: 95°C for 1 min, then 35 cycles of (95°C for 1 min, 68°C for 1
min and 72°C for 2 min) and 72°C for 10 min. Primary PCR reactions were conducted in
50pl volumes containing lp l of ligated and diluted DNA, lOOng/pl adaptor primer 1(AP1)
and lOOng/pl gene-specific primer (P310), lOOmM dNTP mix (25 mM of each dNTP), 5pi of
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TaqPlus Precision lOx buffer, 5 U / j l i 1 TaqPlus Precision polymerase (Stratagene, Cambridge,
UK) mixture and distilled water.

A secondary PCR reaction was performed with lp l of a 100-fold dilution of the primary PCR
using adaptor primer AP2 and nested gene-specific primer P I36. The same reaction
composition and parameters were used. Size of fragments generated was obtained after
running samples on agarose gel as described at section 2.4.3.

2.10 Cloning
The generated nestea-PCR fragments of interest

were inserted into a pGEM-T vector. That

was done in order to enable generation of sufficient material to be sequenced and in order to
facilitate sequencing. The pGEM-T vector (Promega, UK), is a convenient system for cloning
PCR products. The vector was prepared by cutting Promega’s pGEM-5Zf(+) vector with
EcoR V and adding a 3’ terminal thymidine to both ends. These single 3’-T overhangs at the
insertion site, improve the efficiency of ligation of a PCR product into the plasmid by
preventing recircularisation of the vector and providing a compatible overhang for PCR
products generated by thermostable polymerases. These polymerases often add a single
deoxyadenosine, in a template independent fashion, to the 3’-ends of the amplified fragment.

2.10.1 Standard Tailing Procedure
The reaction contains: 2pl of gel purified PCR fragment as described in section 2.7.2, lp l of
10 x Taq buffer, lp l of 25mM MgCb, dATP to a final concentration of 0.2 mM, 5 U of Taq
DNA polymerase, distilled water to a final volume of lOpl. Samples were incubated at 70°C
for 30 min.
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2.10.2 Ligation into a pGEM-T vector
1. The pGEM-T vector was briefly centrifuged to collect contents at the bottom of the tube.
2. The ligation reactions were set up as described below, in table 2.4, to a final volume of
lOpl made up with distilled water.

Table 2.4: Ligation reactions set up using the pGEM-T vector

T4

DNA

STANDARD

POSITIVE

BACKGROUND

REACTION (pL)

CONTROL (pL)

CONTROL (pL)

ligase

5

5

5

vector

1

1

1

buffer
pGEM-T
(50ng)
Control insert DNA

2

-

T4 ligase (3U/pl)

1

PCR product

2

-

1
-

1
-

3. The reactions were mixed by pipetting.
4. Reactions were incubated overnight at 4°C.

2.10.3 Preparation of competent cells
Sterile conditions were performed throughout the experiment
1. 10ml of E coli culture (JM109 High Efficiency Competent Cells strain, Promega, UK),
were grown overnight in a small conical flask.
2. 200ml of pre-warmed LB medium was inoculated, in a 500ml flask with 1ml of the
overnight culture.
3. Optical density at 550nm was monitored. Optical density should take 2-3 hours to reach
0.3.
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4. Medium was harvested in a pre-cooled J6 in 4 x 50ml Falcon tubes, by spinning at
3,000rpm for 15 min at 4°C.
5. Each pellet was resuspended in 20ml of ice-cold lOOmM CaCh.
6. Pellets were kept on ice for 30 min.
7. Pellets were spanned at 3,000rpm in a pre-cooled J6 for 5 min.
8. Each pellet was resuspended in 4ml lOOmM CaCl2/14% glycerol.
9. Pellets were left on ice for 6 hours.
10. Aliquots of 200pl were put into eppendorf tubes.
11. Tubes were snap frozen in liquid nitrogen.

2.10.4 Screening transformants for inserts
Successful cloning of an insert in the pGEM-T vector interrupts the coding sequence of Pgalactosidase. Recombinant clones can be identified by color screening on indicator plates.
Clones can contain PCR products, in most cases, produce white colonies.

2.10.5 Preparation of LB plates with ampicillin/IPTG/X-Gal
1. 15g agar was added to 1 It. of LB medium (lOg Bacto-Tryptone, 5g Bacto-Yeast Extract,
5g NaCl, pH adjusted to 7.0 with NaOH).
2. Medium was autoclaved.
3. Medium was allowed to cool to 50°C before adding ampicillin to a final concentration of
lOOmg/ml.
4. 30-3 5ml of medium was poured into 85mm petri dishes.
5. The agar was left to harden.
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6. 1OOjal of lOOmM IPTG was spread over the surface of LB/ampicillin plate and was let to
dry for 5 min.
7. 20pl o f 50mg/ml X-Gal was spear over the surface of the LB/ampicillin/IPTG plate and
was allowed to absorb for 30 min at room temperature prior to use.

2.10.6 Transformation of ligation reactions using the pGEM-T vector
1. 2 LB/ampicillin/IPTG/X-Gal plates were prepared for each ligation reaction, plus two
plates for determining transformation efficiency.
2. The tubes containing the ligation reaction were centrifuged to collect contents at the
bottom of the tube. 2pl of each ligation reaction was added to a sterile 1.5ml
microcentrifuge tube on ice. Another tube was set up on ice with 0.1 ng uncut for
determination of transformation efficiency.
3. Tubes of frozen competent cells were removed from storage and placed in an ice bath
until just thawed (about 5 min).
4. 50pl of cells were carefully transferred into each tube prepared at step (2).
5. The tubes were gently flicked to mix and placed on ice for 20 min.
6. The cells were heat-shocked for 45 sec in a water bath at exactly 42°C
7. The tubes were immediately returned to ice for 2 min.
8. 950pl of LB was added to the tubes containing cells transformed with ligation reaction, at
room temperature and 950pl of LB was added to the tubes containing cells with uncut
plasmid.
9. Tubes were incubated for 1.5 hours at 37°C in a water bath with shaking.
10. lOOpl and 500pl o f each transformation culture was plated onto duplicate antibiotic plates
respectively.
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11. Plates were incubated overnight 16-24 hours at 37°C. The number of white and blue
colonies present was counted the following day.

2.10.7 Isolation of recombinant plasmid
5ml of LB containing lOOpg/ml ampicillin was inoculated with a single white colony (from
section 2.10.6) overnight at 37°C with shaking.

2.10.8 Elution of recombinant plasmid
1.5ml of the culture prepared as described in section 2.10.7 was used to elute the DNA from
the recombinant plasmid. The protocol used is described by QIAprep Spin Miniprep Kit
Protocol (Qiagen, UK). In the very final step, 30pl of distilled water was used to elute the
DNA.

2.10.9 Confirmation of the presence of transformants
The pGEM -T vector contains multiple restriction sites within the multiple cloning site.
These restriction sites allow for the release of the insert by double-digestion.
The reaction was set up as follows: 3pl of the eluted DNA, 0.5pl Sac II, 0.5pl Spe I, 1.5pl of
the appropriate buffer as recommended by the manufacturer, distilled water to a final volume
of 15 jlx 1 . Digest was performed overnight at 37°C. Samples were then, electrophoresed onto
an agarose gel as described in section 2.4.3.
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2.11 Population samples

2.11.1 Northwick Park Heart Study (NPHSII) sample (Miller et al 1996)
The Northwick Park Heart Study, started in 1972 and 1511 white men from NorthWest
London weft recruited between 1972-1978. The aim of the first study was to investigate the
thrombotic components of ischaemic heart disease (IHD) by the inclusion of measures of
haemostatic function (Meade et al 1986). In the second Northwick Park Heart Study (NPHS
II) 4600 healthy men, aged 50 to 61 years, registered with 9 general medical practices in
different towns, were screened for prospective surveillance, of those eligible for the study,
3052 agreed to take part, of these 3015 were European, the 37 non-Europeans were excluded
from the statistical analysis. Each respondent attended in the non-fasting state, having been
instructed to avoid a cooked breakfast and to postpone heavy meals until completion of
examination. They were asked to refrain from smoking and vigorous exercise from midnight
beforehand. Each answered a questionnaire for previous medical history including exertional
chest pain and smoking habit. Blood pressure was recorded twice with a random zero
mercury sphygmomanometer after the subject had been seated and the results were averaged
for statistical analysis. Height was recorded to the nearest 0.1cm and weight to the nearest
0.1kg. Body mass index (BMI) was calculated as weight/height2. Forty-two men had
electrocardiographic changes suggestive of previous myocardial infarction and although
followed-up, they were included among the ineligibles and excluded from the statistical
analysis. All eligible participants were free of a history of unstable angina, myocardial
infarction (MI) or evidence of a silent infarction, coronary surgery (and as such free of IHD
as assessed by a Rose questionnaire), aspirin or anticoagulant therapy, cerebral vascular
disease, malignancy (except skin cancer other than melanoma) or any condition precluding
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informed consent at recruitment. Each answered a questionnaire for smoking habits and on
this basis was classified as a never-smoker, ex-smoker (cessation for a minimum of 1 year)
and a current smoker. A standard 12-lead electrocardiogram (ECG) was recorded and coded
according to Minnesota criteria (Prineas et al 1982). There have been 18025 person-years of
follow-up to the end of June 1998 (on average 6.6years/individual). Survivors have been re
called annually for interview and repeat measurements. A routine ECG was repeated at the
sixth examination. Terminating events were fatal (sudden or not) and non-fatal MI based on
WHO criteria (World Health Organisation 1975), coronary artery surgery, silent MI on the
follow-up ECG and sudden unexplained deaths. Clinical information for each event was
collected and submitted to an independent assessor who assigned qualifying events to the
appropriate category. The present study includes subjects from the following towns where
homocysteine measurements were available were examined: Camberley, Carnoustie, St
Andrews, Aylesbury, Harefield, Chesterfield, Halesworth and Parkstone.

2.11.2 The British Regional Heart Study (BRHS) sample (Shaper et al 1981)
The British Regional Heart Study is a prospective study of cardiovascular disease in 7735
men age 40-59 years who have been followed up since entry to the study in 1978-80. Men
were selected from the age-sex register of a single General Practice in each of 24 British
towns. In 1996, surviving men in two study towns, Dewsbury in North England and
Maidstone in South England, were invited to follow up. A random sample of 375 women of
similar age to the men (56-77 years) were also selected from the age-sex register of the
general practices used in the original survey. A self-administered questionnaire was used to
obtain information on lifestyle factors and pre-existing disease. The response rate was 83%
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for men and 69% for women respectively. O f these subjects, information on genotype and
homocysteine measurements was obtained on 408 men and 346 women.

2.11.3 The New Zealand Sample (Riddell et al 2000)
Fifty-nine subjects (22 women and 37 men aged 36-71 years), taking part in an intervention
study to lower tHcy levels provided blood samples for the determination of MTHFR
polymorphisms. Subjects were volunteers with a tHcy level of > 9 pmol/L, non-smokers and
not currently taking medication known to effect folate metabolism.

All subjects gave

informed consent and the study was approved by the Ethics Committee (Otago) of the
Southern Regional Health Authority.

2.12 Homocysteine, folate and B12 measurements

2.12.1 Homocysteine measurements for the NPHSII
At the time of the examination a 5ml sample of venous blood was collected following an
overnight fast into EDTA (homocysteine and red cell folate) and a plain tube (vitamin B12).
Plasma for homocysteine analysis was separated within 15 minutes. Plasma, serum and whole
blood were sent by first class post for analysis in the Department of Chemical Pathology,
Bristol Royal Infirmary. Haemolysates were prepared within 24 hours of receipt of specimens
and haemolysate and semm and plasma stored at —20°C until analysis within one month.
Homocysteine was measured in plasma following liberation of thiols by borohydride,
derivatisation by bromobimane and analysis by gradient elution on a reversed phase HPLC
using a fluorimetric detector (Fiskerstrand et al 1993). The analytical between batch CV was
4.4% at a mean level of 16.8 pmol/L and 5.6% at 74.7 pmol/L.
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2.12.1.1 Folate and B12 measurements for the NPHSII
Red cell folate and serum vitamin B12 were measured by immunoluminometric assay with a
Chiron Diagnostics ACS: 180 analyser. The between a batch CV was 3.4% at a mean serum
B12 of 474pmol/l and 7.8% at a mean red cell folate of 1346nmol/l.
2.12.2 Homocysteine measurements for the BRHS
Non-fasting venous blood samples were obtained at the baseline examination between 8.30
am and 6.30 pm. Serum was separated on site within an hour of venepuncture, stored at 4°C
until the following day and at -20°C thereafter. Serum homocysteine was determined, blind to
case control status, in the Department o f Clinical Biology, University of Bergen. A
modification of an automated assay was used, based on pre-column derivatization with
monobromobimane, followed by reverse phase HPLC with fluorescence detection
(Fiskerstrand et al 1993). Between-day coefficient of variation was less than 5%. Replicate
measurements were routinely performed, all values presented are based on the mean of two
values.

2.12.2.1 Folate and B12 measurements for the BRHS
Serum folate and B 12 levels were measured at the Department of Clinical Pathology
Whittington Hospital London, using the Bayer Immuno 1 analyser. The vitamin B 12 assay and
folate assay were performed using a standard competitive binding technique.

2.12.3 Homocysteine measurements for the New Zealand Study
Blood samples for homocysteine analysis were collected in EDTA tubes, placed on ice
immediately, separated within 2 hours by centrifugation at 2000rpm and stored at -80°C prior
to analysis. Total homocysteine was determined by the method of Ubbink et al (1991) using
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cystamine dihydrochloride as an internal standard. Reduced thiol derivatives were separated
using high performance liquid chromatography (Shimadzu LC -6A pumps with SCL-6A
system controller, Prodigy 5p ODS 3 100 A 150 x 4.6 mm column and 30 x 4.6 mm guard
column s/no 137902) and detected using fluorescence detection (Shimadzu RF551) with the
internal standard cystamine dihydrochloride (Sigma lot 76H2611). Coefficient of variation
within batches 2.2% and between batches 5.3%. Samples from each subject were analyzed in
a single run to eliminate between run variation.

2.12.3.1 Folate and B12 measurements for the New Zealand Study
Blood collected for serum folate, red cell folate and serum B 12 were chilled and held in the
dark until analysis. Serum folate, red cell folate and serum B 12 were determined using a
chemiluminescence method ACS 180® (Ciba-coming E. Walpole MA), coefficient of
variation 10.9%, 13% and 4.3% respectively (internal quality control program).

2.13 Statistical analysis
Statistical analysis was carried out using either the SAS or the SPSS statistical packages.
Details about the statistical analysis performed for each particular study will be discussed in
the relevant chapter.
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Chapter 3: Gene-Environment and Gen e-Gene Interaction in the Determination of
Plasma Homocysteine Levels

Summary

One thousand four hundred and seventy one healthy middle aged men, from towns across
Britain were examined for plasma homocysteine levels and genotyped for the C677T
polymorphism in the methylenetetrahydrofolate reductase (MTHFR) gene, the 68 bp insertion
polymorphism in exon 8 of the cystathionine beta synthase (CBS) gene and the A2756G
polymorphism in the methionine synthase (MS) gene. The median value for plasma
homocysteine was 11.9pmol/l (25-75% Cl 10.0-14.2) for the whole sample. Smokers had
significantly higher homocysteine levels than non-smokers (12.8 vs. 11.10pmol/l p<0.0001)
and levels were significantly higher in men in the lowest folate quartile (p<0.001). The
frequencies for the rare alleles were 0.32 (95% Cl 0.31-0.35) for the T allele in the MTHFR,
0.08 (95% Cl 0.07-0.09) for the insertion allele in the CBS and 0.19 (95% Cl 0.18-0.21) for
the G allele in the MS. Genotype at all three loci was associated with differences in plasma
homocysteine level. Individuals homozygous for the MTHFR 677T allele had 1.6pmol/l
higher median homocysteine levels when compared to the other two genotypes (p<0.001),
while for the CBS and MS genes, individuals carrying one or more of the rare alleles had
lower median homocysteine than individuals homozygous for the common allele (0.8pmol/l,
p<0.01 and 0.6pmol/l, p=0.02 respectively). The raising effect associated with homozygosity
for the 677T allele was greater in men in the lowest quartile of folate (interaction p=0.02) and
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the lowering effect associated with the MS 2756G allele was greater in men with folate levels
above the sample median value (interaction p=0.008), but none of the genotype effects was
significantly modulated by B12 levels. While the raising effects of 677T and MS A l l 56
homozygosity on homocysteine level were essentially additive, the homocysteine lowering
effect associated with the CBS 68bp allele was seen most strongly in men homozygous for
the 677T allele (MTHFR-CBS genotype interaction p=0.04) and the A2756 allele (MS-CBS
interaction p=0.07). Age, folate, B12 and smoking explained 24.2% of the variance while the
three genotypes combined and with interaction terms explained an additional 3.8%. None of
the genotypes were associated with a significant effect on risk of coronary artery disease. This
interaction between CBS genotype and MTHFR and MS genotypes points to a key role of the
CBS transsulphuration pathway in the metabolism of homocysteine that may be particularly
important in subjects with low dietary folate.
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3.1 Introduction

Homocysteine is a sulphur containing amino acid formed during the metabolism of
methionine. Homocysteine is metabolised by one of two pathways: remethylation and
transsulphuration. In the remethylation pathway there are two main genes: the MTHFR gene,
and the MS gene. In the transsulphuration pathway, CBS gene is the main gene involved.
Common polymorphisms have been identified in all of these genes. Those studied here are
the C677T polymorphism in the MTHFR gene, that results in the substitution of alanine (A)
by valine (V) at position 222 i.e. (A222V) (Frosst et al 1995), the 68 bp insertion
polymorphism in exon 8 of the CBS gene (Sebastio et al 1995) and the A2756G
polymorphism in the MS gene that results in the change of aspartic acid (D) to glycine (G) at
position 919 ie (D919G) (Leclerc et al 1996).

In an earlier study, de Stefano et al (1998) suggested that the presence of the 68 bp insertion,
which is found in approximately 7.5% of individuals in European populations, abolishes the
raising effect of MTHFR 677TT genotype and may be of importance in the situation of high
homocysteine. The subjects they used were young healthy individuals, 22-25 years of age
with a paternal history of MI before the age of 55.

Although there is extensive literature about the role of the thermolabile variant in the
MTHFR gene there is little information about simultaneous analysis of combinations of these
polymorphisms. In an association study of five candidate genes with respect to susceptibility
to spina bifida (Morrison et al 1998), no association was found in either British or Dutch
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families that had been affected by neural tube defects, for MTHFR, CBS or MS (same
polymorphisms as here were examined). They detected however, that MS 2756G variant
occurs more frequently in combination with the MTHFR 677T variant in mothers of NTD
offspring.

In this study the individual and additive effect of common variation in these three genes in
determining homocysteine levels in healthy middle-aged men was examined. In addition their
interaction with each other and with nutrient status as determined by plasma levels of folate
and B12 was also examined.
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3.2 Material and Methods

3.2.1 Subjects
As described in section 2.11.1

3.2.2 Blood collection and measurements
As described in section 2.12.1 and 2.12.1.1

3.2.3 DNA extraction and genotyping
DNA extraction was performed as described in section 2.1.1. The PCR conditions and the
primers used and detection methods were as described in sections 2.2, 2.3 and 2.4.

3.2.4 Statistical Analysis
Statistical analysis was done with the SPSS package. The Kruskal-Wallis One-way-Anova
test was used to assess the effect of genotype on homocysteine, folate and B12 levels. This
procedure was necessary because the distribution of the homocysteine levels was not normal.
Confounding influences of other factors were assessed using a multiple logistic regression
model. The effects of possible confounding factors such as age and BMI were assessed using
the Spearman correlation coefficient. Gene-gene interactions were analyzed using (1H
homocysteine). By using this transformation, normality of distribution and equality of
variance were obtained and analysis was performed using a simple ANOVA model. This
transformation was also used in multiple linear regression analysis to assess the proportion of
sample variance explained by age, folate, B12, smoking and genotypes. A 2-tailed value of

P<0.05 was considered significant. The CHD incidence rates in never-smokers, ex-smokers
'' and current smokers were 4/1000 events per year and 7/1000 events per year and 11/1000
events per year respectively. In comparing current smokers to non-smokers in this way, any
estimate of an increased risk of CHD due to smoking would be likely to be conservative.

Survival analysis with respect to genotypes was carried out using Cox’s proportional hazards
model (Cox 1972), thus allowing for varying follow-up intervals and censoring due to
competing events. For this model 'failure time' was taken as time to the first CHD event. In
order to account for possible confounding effects, adjustment was made for any variable
associated with CHD event status and either smoking status or the polymorphisms of interest.
Interaction between genotype and smoking status was assessed by inclusion of an additional
term in the Cox model (1 for carriers who smoked, 0 otherwise). The significance of the
parameters in the Cox model was assessed using the Likelihood Ratio (LR) Test. 95%
Confidence Intervals (Cl) for the estimates were calculated from the standard errors assuming
a normal distribution. All results were exponentiated and are presented as hazard ratios (HR)
with their 95% CL The analysis was repeated with exclusion of sudden unexplained deaths.
Genotype for all three polymoprhisms was not obtained for all samples even after repeating
“drop-outs” 2-3 times. This is for technical reasons to do with the robustness of the different
PCRs and the quality of the DNA for certain samples, explaining the small discrepancies in
genotype numbers.
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3.3 Results

3.3.1 General characteristics of the sample
From the NPHSII study as a whole, DNA was available on 2671 Caucasian men. 1471 had a
sample taken at the 6th examination for determination of homocysteine, folate and B12
levels. Their baseline characteristics are given in Table 3.1 and were not significantly
different from the previously reported characteristics in the whole group (Miller et al 1996).

Table 3.1: Characteristics of 1471 men with homocysteine median values and interquartile
range.
Trait

Median Value

Age (years)

62.40 (59.54-65.40)

BMI (kg/m2)

26.36 (24.27-28.89)

Homocysteine

11.9

(pmol/1)

(10.0-14.2)

Folate (nmol/1)

229.0(189.0-272.0)

B12 (pmol/1)

336.0 (278.0-418.0)

Fibrinogen (g/1)

2.91
(2.54-3.41)

Triglycerides

1.82

(mmol/1)

(1.28-2.64)

Cholesterol

5.60

(mmol/1)

(4.90-6.30)

Creatinine (pmol/1)

91.00 (80.00-94.00)

Systolic

135.00

(mmHg)

BP

(123.00-148.00)
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The subjects participating in this study were recruited from eight different practices across the
UK, namely from Camberley, Carnoustie, St Andrews, Aylesbury, Harefield, Chesterfield,
Halesworth and Parkstone. When analysis was performed for homocysteine levels by town, it
was found that there is no evidence of difference in homocysteine levels by town (p=0.165),
there was evidence for difference in folate levels by town (p<0.01) and no evidence of
difference in B12 levels by town. The results of the homocysteine levels, folate levels and
B12 levels by town are presented in table 3.2. Since there was no evidence of significant
difference of homocysteine levels by town, the sample was treated as ‘whole’ and not
subdivided into towns.
Table 3.2: Homocysteine, folate and B12 median values and interquartile range for each town
Towns

No.

Homocysteine Levels

Folate Levels

B12 Levels

1. Camberly

212

11.8

236.0

346.0

(9.7-14.1)

(199.0- 272.0)

(284.0-418.0)

12.0

221.0

347.0

2. Carnoustie

3. St Andrews

4. Aylesbury

5. Harefield

6. Chesterfield

7. Halesworth

8. Parkstone

173

279

54

129

164

280

180

(10.2-14.3)

(187.0-261.0)

(289.0-429.0)

11.5

230.5

333.0

(9.9-14.1)

(186.0- 278.0)

(278.0-431.0)

12.6

226.5

365.0

(11.3- 15.1)

(195.0- 261.0)

(275.0-478.0)

11.5

220.5

322.0

(10.1- 14.3)

(176.5- 269.5)

(270.0-380.0)

12.4

217.0

329.0

(10.5- 15.2)

(172.5- 259.5)

(268.0-401.5)

11.8

238.5

342.0

(9.7-14.1)

(197.5-284.0)

(283.0-413.0)

11.7

218.0

324.5

(10.0- 14.1)

(189.0-274.0)

(264.0-410.0)
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3.3.2 Analysis according to smoking status, age and BMI
; As presented in Table 3.3, smokers had a significantly higher homocysteine and lower folate
r when compared to non-smokers and there was a borderline statistically significant difference
for B12. Past smokers had significantly higher homocysteine levels when compared to never
smokers (p<0.0001). There was a significant positive correlation between homocysteine
levels and age (r=0.12 p<0.001) but no correlation with BMI was observed. Because of this,
all subsequent analyses were carried out using transformed homocysteine levels (1/V
homocysteine) to normalise the distribution and with adjustment for age and smoking status,
although unadjusted median values are presented.

Table 3.3: Plasma Homocysteine, folate and B12 median values with interquartile range
according to smoking status
Never

Past

Current

P

Smokers

Smokers

Smokers

Values

N=453

N=658

N=270

(33%)

(47.5%)

(19.5%)

Homocysteine

11.1

12.0

12.8

(pmol/1)

(9.7-13.6)

(10.-14.2)

(10.5-15.5)

Folate

231.0

234.0

207.0

(nmol/1)

(194.0-277.0)

(193.0-281.0)

(168.5-249.5)

B12

342.0

338.0

335.0

(pmol/1)

(280.0-424.0)

(267.0-411.0)

(278.0-418.0)
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0.0001

0.0001

0.05

3.3.3 Analysis according to genotype distribution and frequencies

The genotype and allele frequencies for the MTHFR C677T, CBS 68 bp I/D and MS A2756G
variables are shown in Table 3.4. The allele frequencies shown in this subset were not
significantly different from that in the whole sample, supporting the view that the studied
group is representative.

Table 3.4: Genotype distribution and frequency of the rare allele for MTHFR C677T, CBS
68bp I/D and MS A2756G
MTHFR

No (freq.)

T freq. with 95% Cl

CC

631 (46.4)

0.32 (0.31-0.35)

CT

579 (42.6)

TT

150 (11)

CBS

No (freq.)

I freq. with 95% Cl

DD

1106 (84.9)

0.08 (0.07-0.09)

DI

186(14.9)

II

10 (0 .0 0 8 )

MS

No (freq.)

G Freq. with 95% Cl

AA

847 (64.7)

0.19(0.18 0.21)

AG

421 (32.1)

GG

42 (3.2)

The genotype distributions in all groups were consistent with Hardy-Weinberg equilibrium.
For the CBS and MS genes, subjects homozygous and heterozygous for the rare alleles, were
grouped together in order to increase the statistical power.
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3.3.4 Analysis of homocysteine, folate and B12 levels according to genotype
ttThe association between genotypes and homocysteine levels are presented in Table 3.5. For
the MTHFR genotypes the expected recessive pattern of levels was observed, with median
values of the CC and CT groups being similar, but with the level in the TT group men being
1.6pmol/l higher (than CC+CT). The distribution of homocysteine levels in men of different
MTHFR genotypes is presented in Figure 3.1, with the arrow indicating the cut point for the
top quartile (14.2pmol/l). The distribution was highly skewed and the proportion of
individuals of the T genotype was significantly higher in the highest homocysteine quartile
compared to the other three quartiles (17.3% vs. 8.6%, 9.0% and 9.4% respectively,
p<0.0001). As shown in Table 3.5, compared to individuals homozygous for the C677
variant, carriers of the 677T allele had lower and homozygotes had the lowest median levels
of folate (p=0.02).
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(pmol/1)

B12

(nmol/1)

Folate

(pmol/1)

Homocysteine

(number)

Genotype

(276.0-415.0)

337.0

(192.0-276.0)

234.0

(10.1-14.2)

11.9

(631)

CC

(281.0-421.5)

341.5

(188.0-268.0)

229.0

(9.9-13.9)

11.7

(579)

CT

MTHFR C677T

(277.0-412.0)

328.5

(180.0-262.0)

222.5 ***

(10.6-16.4)

13.4*

(150)

TT

11.5***
(9.8-13.8)

342.0
(277.0-421.0)

12.1
(10.2-14.4)
232.0
(191.0-273.0)
336.0
(280.0-415.0)

11.3 **
(9.4-13.7)
232.0
(186.0-269.5)
334.0
(263.0-425.0)

(10.1-14.3)
230
(190.0-273.0)
338.0
(281.0-418.0)

(186.0-271.0)

224.0

(421 +42)

12.1

(847)

(186+10)

AG+GG

(1106)

AA

ID+II

MS A2756G

DD

CBS 68BP D/I

Table 3.5: Unadjusted plasma homocysteine, folate and B12 median values with interquartile range according to MTHFR, CBS, and MS
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The C677T genotype effect on homocysteine levels in different folate quartiles is presented in
Figure 3.2. The raising effect of 677T allele homozygosity was particularly marked in the
presence of low folate levels (<lst quartile) where the TT group had 1.7pmol/1 higher median
homocysteine levels compared to the other two combined genotypes. In the presence of high
folate levels (>4th quartile) the raising effect of the thermolabile variant was abolished.
Overall the interaction term between genotype and folate quartiles was not statistically
significant (p=0.08), but comparing the genotype effect in the lowest versus the other three
quartiles combined the interaction term was p = 0.02. The genotype effect was not different in
men in different quartiles of B12 (p = 0.43, not shown).

As shown in Table 3.5, both the CBS and the MS genotypes showed a significant association
with homocysteine levels but not with folate or B12 levels. Combining data for men carrying
one or more of the rare alleles, median homocysteine levels were lower by 0.8pmol/l
(p<0.01) for the CBS 68bp Ins carriers and by 0.6pmol/l lower for the MS 2756G group
(p=0.02) than men homozygous for the common alleles. The lowering effect of these rare
alleles was similar in men in different B12 quartiles (interaction term p = 0.33 and 0.28
respectively, data not shown). However there was evidence that the genotype effects were
different in men with different levels of folate.

As shown in Figure 3.3, for the CBS gene the lowering effect associated with the 68bp Ins
allele was greatest in men in the lowest quartile but this effect was not statistically significant.
Overall, the genotype-folate interaction was not significant (p=0.7). By contrast for the MS
gene as from figure 3.4, the lowering effect associated with the 2756G allele was greatest in
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men with folate levels below the median i.e. for the third folate quartile (230-272pmol/l)
| * where subjects homozygous for the A allele, had significantly higher homocysteine levels
When compared to the other two combined genotypes (11.9 vs. 10.9pmol/l p<0.001
(interaction term p=0.008).
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3.3.5 Genetic interaction analysis
*

5

Analysis was carried out to determine whether the effects on homocysteine levels associated
with the three genotypes were independent and additive. As shown in Figure 3.5 the raising
effect on homocysteine levels associated with homozygosity for the MTHFR 677T allele was
absent in the 23 men who also carried the CBS 68bp Ins allele and those homozygous for the
677T allele and carriers of the Ins allele had 11.2pmol/l versus 13.7pmol/l for those
homozygous for the Del allele (p=0.016) (overall gene-gene interaction p=0.02).

A similar pattern was observed for the MS and CBS genotypes as from figure 3.6. In the
group of men homozygous for the common A2756 allele, those having the Ins allele had
median homocysteine 0.9pmol/l lower than those carrying the Del allele (11.4 vs. 12.3pmol/l
p=0.008) (interaction term p=0.07).

Analysis for the effects of MTHFR and MS genotypes shown in Figure 3.7 suggested that the
effect of the two variants on homocysteine levels was additive (p=0.94 for interaction term),
with men homozygous for both raising alleles having median levels 2.1 pmol/1 higher than
i
those homozygous for neither (TTAA vs. CCAG/GG, 13.8 vs. 11.7pmol/l p=0.003).
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3.3.6 Gene-environment interaction
For all o f these gene-gene effects the possible involvement of nutrient status was explored by
including plasma levels of folate and B12 as co-variants in the ANOVA model, but none
were materially altered by these adjustments (data not shown). When a linear multiple
regression analysis model was applied, age, folate, B12 and smoking explained 24.2% of the
variance o f homocysteine levels (for each p<0.01). By contrast, the MTHFR polymorphism
explained 1.5% of the variance in homocysteine levels (pO.OOl), the CBS polymorphism
explained 0.7% (p<0.01), MS explained 0.7% (p<0.01). As shown in Table 3.6, in a model
incorporating all significant genotypes and genotype-nutrient and genotype-genotype
interaction terms, an additional 3.8% was explained.
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Table 3.6: Coefficients (P) from multiple linear regression models relating plasma
homocysteine levels (transformed as 1/V homocysteine) to age, smoking status, plasma levels
of B12 and folate and genotypes for MTHFR, CBS and MS with interaction terms.

Factor

Coefficient (P)

Std Error

P

(X 1000)
Age

-1.42

0.30

<0.0001

Ex Smoker 1

-7.29

2.32

0.002

Current Smoker 1

-9.04

2.94

0.002

Plasma B 12 2

5.40

1.11

< 0.0001

Plasma folate2

16.05

1.11

<0.0001

MS genotype3

7.30

2.14

0.001

CBS genotype4

4.95

3.08

0.075

MTHFR genotytpe5

-17.10

3.49

<0.0001

MTHFR x Folate

9.95

3.52

0.005

CBS x MTHFR

20.10

8.89

0.025

Constant

381.98

19.14

<0.0001

Note: 1->compared to never smokers, 2^>expressed for a 1 standard deviation change
3—»AG+GG compared to AA, 4—»no 68bp compared to 68bp+
5—>TT compared to CC+CT.
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3.3.7 Association between MTHFR, CBS and MS genotypes and risk of CHD
? Plasma samples for homocysteine measures were only obtained in the fifth year of follow-up

s-

.

.

.

.

...................

and because o f this, insufficient events (n=27) have occurred since then to look at the
relationship between homocysteine levels and CHD events. Since DNA was obtained at
baseline the study has a reasonable power to look at the relationship between genotype and
risk. The hazard ratio of a CHD event in men with different genotypes is presented in Table
3.7. For the CBS and MS genes, subjects homozygous and heterozygous for the rare alleles
were grouped together in order to increase the statistical power. There was no significant
difference in risk associated with any genotypes.
Table 3.7: Genotype distribution and hazard ratio of a CHD event due to genotype for
MTHFR C677T, CBS 68bp insertion and MS A2756G
CHD Event

Hazard Ratio

(Number-Frequency)

(95% Cl)

YES
MTHFR

CBS

MS

P Value

NO

CC

1165 (47.78

61 (45.2)

1

CT

1038 (42.6)

66 (48.9)

1.19(0.84-1.70)

TT

232 (9.5)

8 (5.9)

0.64 (0.30-1.33)

DD

1555 (83.7)

81 (77.1)

1

DI/II

302 (16.3)

24 (22.9)

1.52 (0.96-2.40)

AA

817(64.5)

31 (67.4)

1

AG+GG

449 (35.5)

15 (32.6)

0.87 (0.47-1.61)
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0.17

0.08

0.66

3.4 Discussion

The role of genetic factors in determining plasma homocysteine levels is well established
(Finkelstein 1998), although clearly environmental factor such as diet, age and smoking habit
play the greatest part in determining levels in healthy subjects in the general population. The
present study examined the relative impact of environmental factors and of variation in the
MTHFR, CBS and MS genes, which code for key enzymes in the remethylation and
transsulphuration pathways in determining plasma homocysteine levels. The main novel
finding of the study is that common variation in both the CBS and MS genes play a role in
determining homocysteine levels in healthy men, although the relative size of these effects is
considerably less than the well-studied 677TT thermolabile MTHFR variant. The second
finding is the evidence of interaction between MTHFR and CBS genotypes and between MS
and CBS genotypes in determining plasma levels of homocysteine. Both findings point to the
key role of the CBS transsulphuration pathway in determining plasma homocysteine levels.

The role of environmental factors in determining homocysteine levels was examined.
Cigarette smoking is known to increase plasma homocysteine (Nygard et al 1995). These
results confirm this effect. Smokers had on average a 1.2pmol/l higher homocysteine and
26nmol/l lower folate compared to never smokers and past smokers combined. The molecular
mechanism through which plasma homocysteine levels are elevated in smokers is uncertain.
However, smoking is accompanied by changes in plasma thiol redox status (Mansoor et al
1995) possibly due to a higher formation of reactive oxygen species (Pryor et al 1993).
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Moreover, reduced intake of nutrients (McPhillips et al 1994, Subar et al 1990), folate (Chen
et al 1989) and vitamins B12 (Dastur et al 1972) and B6 (Vermaak et al 1990) have been
demonstrated in smokers. Mansoor et al (1995) reported that smokers had lower
concentrations of serum and erythrocyte folate when compared to non-smokers and higher
homocysteine values. Furthermore, in their study former smokers had homocysteine levels
slightly lower than present smokers did and higher than never-smokers. A similar pattern was
observed in the present study. In smokers there is a significant inversely related association
with folate and marginally with B12, suggesting that extra vitamin intake may be beneficial
to those who smoke. Even the homocysteine levels of past smokers were higher compared to
never-smokers, suggesting that prolonged periods of smoking may cause irreversible damage
and that elevated levels of homocysteine may be the result of chronic regional inflammation.

The thermolabile variant in the MTHFR gene is a well established factor for mild
hyperhomocysteinaemia (Brattstrom et al 1998) although there is conflicting evidences
whether it is an independent risk factor for atherosclerosis (Brattstrom et al 1998). As
reported by other studies individuals homozygous for the 677T allele had roughly 1.6pmol/l
higher homocysteine and roughly 12nmol/l lower folate (Malinow et al 1997). The
prevalence of this genotype is about 10% in the general population. Therefore, there is
speculation whether the presence of this mutation is advantageous in any way. Reducing the
activity of MTHFR, as in this case, increases the concentration of its substrate, N ^ ,N ^ methylenetetrahydrofolate, which is derived from dietary folate and is also a substrate for the
conversion of dUMP to dTMP under the action of thymidylate synthase. Deficiency in folate
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results in DNA and chromosomal leakage and uracil misincorporation. Therefore, increasing
% the concentration of folate required for the conversion of dUPM to dTMP will facilitate the
reaction and therefore decrease the concentration of dUMP resulting in fewer occurrences of
misincorporation. Thus the presence of the thermolabile variant may be beneficial, especially
in the presence of low dietary folate.

As reported in other studies (Malinow et al 1997, Jacques et al 1996) the effect of the
thermolabile variant was particularly profound in the presence of low folate levels. These
findings suggest that in the presence of adequate folate levels, the effect of the 677TT
genotype is abolished. This finding could be of therapeutic importance since administration
of folate would be beneficial to individuals homozygous for the thermolabile variant and
recent dietary studies support this concept (Nelen et al 1998, Schwartz et al 1997). The
association between the 677T variant and lower levels of plasma folate has been reported
before (Molloy et al 1997), but no clear explanation for this has been forthcoming. It is
possible to speculate that in cells in the intestine the lower activity of the MTHFR enzyme in
carriers of the 677T variant may lead to a poorer metabolism and uptake of dietary folate,
which would be seen as lower plasma levels, but no direct evidence to support this is
available.

The relationship between the presence of the thermolabile variant and levels of folic acid is
particularly important when predicting neural tube defect risk. Incidence of neural tube
defects (NTD) has been shown to be dramatically responsive to supplemental folic acid intake
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during the periconceptional period (Mills et al 1995). Lower blood folate concentration has

*. been a significant risk factor in NTD-affected pregnancies (Daly et al 1995). Molloy et al
(1997) proposed that the thermolabile MTHFR variant creates an additional requirment for
folate in healthy women. Despite the fact that homozygosity for the T allele is associated with
low folate levels, this variant can not account itself for reduced blood folate levels in many
NTD affected mothers and low maternal folate status is itself a major determinant of NTD
risk according to the same group (Molloy et al 1998). Several studies have shown that the TT
genotype of the C677T polymorphism is a significant risk factor for neural tube defects (Ou
et al 1996, van der Put et al 1995, Whitehead et al 1995) and the association would account
for ~15% of NTD cases (van der Put et al 1995). The complexity of this field is illustrated by
the opposite conclusions from investigations of NTD and fetal genotype. Momet et al (1997)
concluded that the C677T MTHFR mutation cannot be regarded as a genetic risk factor for
NTD, whereas Ou et al (1996) reported that genotype was highly associated with risk.

Recently, in the largest so far case-control study of NTD (Shields et al 1999), it was reported
that the TT genotype is a strong determinant of risk (odd ratio 1.61). In that study 271
families affected by NTD and 218 unaffected families participated. The thermolabile variant
was present in 18.8% of the cases versus 8.3% in the controls. The frequency difference was
highly significant and it was suggested that especially when folate levels are suboptimal, the
presence of the TT genotype is significantly associated with risk of developing NTD.
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A number of studies have examined the role of rare mutations (Kozich et al 1995) and of
common polymorphisms in the CBS gene (Kraus et al 1999). The 68bp Ins in exon 8 of the
CBS gene (844ins68) was first described by Sebastio et al (1995). The mutation was
identified after screening genomic DNA from a homocysteiniric patient. They suggested that
the insertion introduces a premature termination codon. Tsai et al (1996) suggested that the
insertion creates an alternate splicing site, which eliminates not only the intronic sequence but
also the T833C mutation associated with the insertion. The net result is the generation of both
quantitatively and qualitatively normal mRNA and CBS enzyme. Therefore they concluded
(Tsai et al 1996) that this mutation does not affect CBS activity and is not associated with
hyperhomocysteinemia. The prevalence of the mutation was higher in patients with premature
coronary artery disease than in controls although the difference was not statistically
significant.

In a study of 741 individuals with respect to the effect of the 68bp Ins of the CBS gene on
fasting and post-methionine-load homocysteine levels (Tsai et al 1999), it was suggested that
individuals carrying the Ins allele had lower levels than those without it. The difference
reached statistical significance only in post-methionine-load increase in homocysteine levels.
Moreover, in a case control study of neural tube defect affected pregnancies in Ireland
(Ramsbottom et al 1997), the allele frequency of the 68bp polymorphism was similar in cases
and controls and it was concluded that loss of function of the CBS allele does not account for
a significant proportion of neural tube defects in Ireland.
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In a study of 800 young healthy and presumably well nourished individuals, de Stefano et al
(1998) found no statistically significant difference in homocysteine levels according to CBS
genotypes although carriers of the Ins allele had a mean homocysteine 0.5pmol/1 lower than
those of the other two combined genotypes.

In the present study carriers of the Ins allele had 0.8pmol/l lower homocysteine compared to
the other two combined genotypes. This result confirms the findings of previous studies (Tsai
et al 1999, de Stefano et al 1998). The size of this effect is roughly half as large as that
associated with homozygosity for the MTHFR 677T variant, though the relative size of these
effects is likely to vary between samples because of the prevalence of environmental factors
such as diet, as well as because of other possible genetic factors. These data suggest that
carriers of the 68bp Ins allele would have higher CBS levels or activity and although there are
no direct measures available in this study and no other reports that have examined this in
detail, support for this has recently been reported (Tsai et al 1999). The exact molecular effect
of the 68bp insertion is not knownand it remains to be established whether the 68bp insertion
is itself functional, or whether it is a marker for an unidentified polymorphism elsewhere in
the gene that increases CBS levels or activity and therefore catabolism of homocysteine
through the transsulphuration pathway.

Methionine synthase is a B 12 dependent enzyme involved in the remethylation pathway of
homocysteine. Leclerc et al (1996) described the A2756G polymorphism in the MS gene but
subsequent work suggested no association with increased risk of NTD (van der Put et al
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1997). Brody et al (1999) used high-resolution physical mapping of the MS locus, isolated
highly polymorphic markers linked to the MS gene and tested for an association between
specific MS alleles and NTDs. Polymorphic markers D1S1567 and D1S1568 map to
locations no more than 900 and 94 kb from the MS gene, respectively. The segregation of
these polymorphic markers was measured in 85 Irish NTD families. No allele of either
marker showed a significant association with NTDs using the transmission disequilibrium
test. A lack o f association was also observed for the D1919G missense mutation within the
gene. Their results suggested that inherited variation in the MS gene does not contribute to
NTD risk in this population.

Cai et al (1998) suggested that this mutation was not associated with vascular complications
and therefore was unlikely to be functional. Examining the effect of this polymorphism in a
group of CHD patients and matched controls, Morita et al (1999) also suggested that this
polymorphism was not likely to have a major effect on homocysteine metabolism or on the
onset of vascular disease.

It has been reported however, that individuals homozygous for the A ^ 5 6 allele have
significantly higher homocysteine levels compared to the other two genotypes. This finding
was confirmed by the present study. Dudman et al (1993) reported that the majority of
patients with premature vascular disease and impaired homocysteine metabolism have normal
levels of methionine synthase. Moreover, Loehrer et al (1996) reported that there was a
significant correlation between homocysteine and N^methyltetrahydrofolate, a methyl donor
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for methionine synthase whose metabolism is regulated by MTHFR in patients with CHD.
% They concluded that low levels of N^'methyltetrahydrofolate might result in elevated
homocysteine due to lack of sufficient substrate for methionine synthase.

The results from this study of healthy men demonstrate that the A2756G polymorphism has a
modest effect on homocysteine levels, with carriers of the 2756G allele having levels
0.6pmol/l lower than homozygotes for the common A allele. In this sample, this effect is thus
of roughly the same size as the effect associated with the presence of the CBS 68bp variant
and roughly one third of the size of the effect of 677T homozygosity. This suggests that the
enzyme encoded by the 2756G allele has higher activity than the A l l 56 allele, but no
evidence to address this directly is available. The data suggest that the lowering effect on
homocysteine levels associated with the 2756G allele was more marked in men with high
folate. High folate would increase the levels of N5methyltetrahydrofolate as a methyl donor
and promote remethylation, which would be further favoured by the higher MS activity
associated with the 2756G variant.

The interactions of the CBS 68 bp I/D with the MTHFR thermolabile variant and with the
A2756 allele o f the MS gene in determining plasma levels of homocysteine are of interest and
potential clinical importance. Individuals homozygous for the thermolabile variant are at risk
of developing high levels of homocysteine and therefore at risk of CHD especially if their
folate intake is low (Guttormsen et al 1996, Ma et al 1996, Harmon et al 1996, Jacques et al
1996). The present data suggest that such individuals who are also carriers of the 68 bp Ins
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allele would be protected from this risk. The exact molecular effect associated with the 68 bp
Ins allele is not known. Whether it is directly functional or is a marker for an unidentified
polymorphism that may increase CBS activity and therefore catabolism of homocysteine
through the transsulphuration pathway remains to be established. These results confirm the
CBS and MTHFR interaction observed by de Stefano et al (1998) in a sample of 800 young
healthy individuals. This confirmation of the interaction in a second completely independent
sample makes it extremely unlikely that this has been observed by chance alone.

A similar situation is observed in the case of the MS gene, where individuals of the AA
genotype have lower homocysteine in the presence of the Ins allele of the CBS. Although the
interaction is not statistically significant the biological significance is clear.

These findings clearly suggest that there is an interaction between the remethylation and the
transsulphuration pathway in determining plasma homocysteine levels. In the case of reduced
enzymatic activity in one pathway, as caused by homozygosity for the MTHFR thermolabile
677T variant and the MS A2756 variant and in the presence of environmental “stress” such as
low dietary folate, the transsulphuration pathway compensates to keep homocysteine levels
within the normal range (Mudd et al 1975). In these situations the “beneficial” effect
associated with the CBS 68bp genotype becomes apparent and plasma homocysteine levels
are low. The molecular mechanism that induces the activation of the transsulphuration
pathway when a defect is present in the remethylation pathway is likely to be acting through
the effects of SAM, which activates CBS (Finkelstein et al 1984). By contrast and as would
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be expected from their roles in the pathway, the effects of MTHFR and MS genotype on
s homocysteine levels were essentially additive, with men with both raising genotypes having
by far the highest plasma levels. Although the lowering effect associated with the MS 2756G
allele is greater in men with high folate levels, this does not result in a statistically significant
interaction term for MTHFR-MS because MS genotype has only a modest effect on folate
levels. In this sample there was no evidence that the effect of MTHFR, CBS and particularly
MS genotypes on homocysteine levels was influenced by B12 nutrient status as measured by
plasma B12 levels. This suggests that the modest effect of these naturally occurring variants
is such that, at least in these healthy UK subjects who have a good nutrient status, B12 levels
are not rate-limiting.

According to the review of Boushey et al (1995) an increase of 5pmol/l in homocysteine
concentration increases the risk of developing CHD by 60% in men. In the present study,
individuals homozygous for the T allele of the MTHFR gene had a 1.6pmol/l higher
homocysteine levels, on average, as compared to the other two combined genotypes and
would therefore be predicted to be at roughly 20% higher risk of developing CHD. The most
likely explanation as to why the 677T variant was not associated with a significant effect on
risk in the present study is because of the lack of statistical power to detect such a modest
effect. It can be estimated that roughly 2500 individuals homozygous for the thermolabile
variant in a total sample of over 50000 subjects would be required to detect an odds ratio of
1.2. The smallest risk that the NPHSII has the power to detect, with the current number of
135 events, is 2.0 for the MTHFR 677T genotype, 1.8 for the CBS 68bp Ins genotype and
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5

1.65 for the MS 2756G genotype. No risk of CHD associated with the MS genotypes was
detected, whereas for the CBS gene carriers of the 68bp Ins allele had a roughly 52% higher
risk when compared to individuals lacking the allele, but this effect was not statistically
significant. Since the 68bp allele is associated with low homocysteine levels, the apparent
higher risk observed is unlikely to be explained by a direct effect of the genotype on plasma
homocysteine levels, and may be a chance effect due to small numbers.

Environmental factors such as age and smoking and particularly nutritional status as
measured by plasma levels of folate and B12, were the major determinants of plasma
homocysteine levels in the present study explaining 24.2% of the variance whereas the
combination of the three genotypes explained 3.8%.

In this study evidence for interaction between folate levels and MTHFR genotype, as well as
interaction between MTHFR, MS and CBS in determining homocysteine levels were
provided. Plasma samples for homocysteine measures were only obtained in the fifth-sixth
year of follow-up and therefore, insufficient events (n=27) have occurred since then to look at
the relationship between homocysteine levels and CHD events, but in the future this may be
possible as more events occur. The results illustrate the usefulness of simultaneous analysis of
the effects o f several genetic variants in a metabolic pathway in a large population-based
sample. The data also suggests that individuals homozygous for the 677T variant metabolise
their homocysteine by the use of an alternative pathway under conditions of environmental
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stress and emphasise the importance of the CBS transsulphuration pathway in these
situations.
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Chapter

4:

The

effect

of the

C677T

and

A1298C

polymorphisms

in the

methylenetetrahydrofolate reductase gene on plasma homocysteine levels in elderly men
and women from the British Regional Heart Study

Summary

Elderly men and women from two towns, of contrasting risk of developing of coronary artery
disease, Dewsbury and Maidstone, were examined for plasma homocysteine levels and
genotyped for the C677T and the A1298C polymorphisms in the MTHFR gene. Plasma
homocysteine levels were significantly higher in men from the CAD high risk town of Dewsbury
(12.7pmol/l) than in the low CAD risk town of Maidstone (11.5pmol/l) p<0.001, but not in
women (10.7pmol/l vs. 10.5pmol/l). Women in both towns thus had significantly lower plasma
homocysteine than men. There was no difference between towns in plasma folate or B12 levels
but the conventional inverse relationship with plasma homocysteine was seen. Smoking men and
women from both towns had significantly higher plasma homocysteine and lower folate levels
than non-smoking individuals (p<0.001). There was a significantly higher number of males
homozygous for the 677T allele in Dewsbury than in Maidstone; 12.8% vs. 6.7% respectively
(p=0.05). Similar frequency difference for homozygosity were seen for women; 13.3% vs. 8.0%
(p=0.05) suggesting a true regional frequency difference. The effect of the 677T allele on plasma
levels of homocysteine was highly significant in the group as a whole with the most profound
effect seen in men (12.0pmol/l for CC vs. 14.1pmol/l for TT, p<0.01). By contrast there was no
significant effect of the A1298C polymorphism on plasma homocysteine, folate or B12 levels.
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There was no evidence for an interaction between the C677T and the A1298C polymorphisms.
The regional differences in plasma homocysteine levels were still present after the adjustment
for folate levels, B12 levels, smoking and the effect of the C677T polymorphism. This suggests
that there may be yet another unidentified factor, either environmental or genetic affecting
plasma levels of homocysteine and thus potentially having an impact on the risk of developing
hyperhomocysteinaemia and CAD. These observations may have a bearing on regional
differences in plasma homocysteine levels and the variation in CAD risk between regions in the
UK.
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4.1 Introduction

During the past few years homocysteine has emerged as an independent risk factor for coronary
heart disease (Boushey et al 1995, Graham et al 1997). Several studies have shown that
homocysteine levels are elevated in older people and are correlated with an increased incidence
of cardiovascular events. Furthermore, abnormalities of folate, vitamin B 12 and vitamin B6 seem
to play an important role in the pathogenesis of increased homocysteine levels in older people
(Selhub et al 1993, Brattstrom et al 1994). The mechanism through which homocysteine levels
increase with age is not well established. Inadequate nutrient intake in combination with bacterial
intestinal overgrowth, gastric atrophy with decreased acid and pepsin secretion that impairs
liberation o f vitamin B12 from food are all possible explanations. Furthermore progressive
deterioration of kidney function with age and age related decline of cystathionine beta synthase
(Nordstorm et al 1992, Gartler et al 1981) might result in elevated homocysteine levels in elderly
people.

Homocysteine levels seem to be gender specific. Values are about 10% higher in men compared
with women (Mayer et al 1996) and concentrations increase progressively in both genders with
age. Table 4.1 summarises the studies performed so far, in elderly populations of men and
women. It is clear that in all studies presented, men had higher homocysteine values than women
and that older subjects have higher levels when compared to younger ones.
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Table 4.1: Studies reporting homocysteine levels in elderly men and women

Reference
Anderson et
al (1992)
Brattstrom et
al (1992)
Selhub et al
(1993)
Brattstrom
et al (1994)

Robinson
al (1995)

et

Silberberg
et al (1997)
Bates et al
(1997)

MEAN HOMOCYSTEINE ±
SD (pMOL/L)
Males
Age (yr.)
Females
20-39
9.7±2.4
8.913.4
40-49
9.813.0
10.4±2.6
50-69
10.012.8
11.7±2.4
56-68
11.1113.6
12.7±2.5
38-72
17.417.4
14.414.5
73-90
20.017.8
21.718.9
10.7
67-74
11.8*
75-79
11.9
11.9
14.1
13.2
>80
35-49
11.312.8
10.213.1
50-64
12.212.1
10.213.1
65-79
13.813.6
12.213.7
80-95
16.514.2
18.015.3
<65
All patients 14.2120.4
>65
14.515.1
<65
10.813.4
>65
11.913.5
9.7
30-60
12.4*

Number
50
37
70
66
70
72
549
314
297
38
36
132
35
165
139
206
25

13.3

11.8

61-75

33

Healthy
Volunteers

15.3
14.8815.46
17.1218.92
18.1617.22

14.4
15.6916.57
17.4317.14
17.4317.14

>75
65-74
75-84
>85

43
312
287
149

Randomly
selected from
all over UK

86

Population
Healthy

Controls
Stroke patient
Stroke patient
Framingham
people
Random
population
sample
CAD patients
Controls

• No standard deviation reported

Coronary artery disease, is a complicated, multifactorial disorder and several factors influence
the development and the progression of the disease. Some of the factors were described in table
1.1. Apart from the traditional well-established risk factors, Acheson and Williams (1983)
described a north-south gradient in the UK, in vascular disease prevalence and attributed this
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difference, among other factors, to differences in micronutrient status. The subjects participating
in the current study, elderly healthy men and women matched for age, were recruited from two
towns, Dewsbury and Maidstone of the 24 towns participating in the British Regional Heart
Study (BRHS), which have an approximately two-fold difference in coronary heart disease risk
(Shaper et al 1981).

The aim of the present study was to examine the effect of the C677T and A1298C
polymorphisms in the MTHFR gene in healthy elderly men and women from Dewsbury and
Maidstone. These two towns were selected among the 24 towns participating in the BRHS,
because they have an approximately two-fold difference in coronary heart disease risk.

135

4.2. Materials and Methods

4.2.1 Subjects
As described in section 2.11.2

4.2.2 Blood collection and measurements
As described in section 2.12.1.1

4.2.3 DNA extraction and genotyping
As described in sections 2.1 and 2.2

4.2.4 Statistical analysis
Statistical analyses where carried out using the SAS and SPSS packages. The distributions of
homocysteine, folate and B12 were positively skewed and a logarithmic transformation was used
in all tests that assume normality for the dependent variable. All values in the tables are shown
as unadjusted values. Analysis of covariance was used to obtain age adjusted means of the logged
data for each genotype group and to examine sex differences in homocysteine levels after
adjusting for the effects of MTHFR, folate B 12, smoking, town and age and to examine the
differences in homocysteine levels between towns after adjusting for the effects of MTHFR,
folate B12, smoking and age. Pearson correlation coefficients were used to examine the
relationship between In homocysteine and In B 12, In folate and age. Linkage disequilibrium was
measured as described by the method of Chakravatii et al (1984).
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4.3 Results

4.3.1 Physical and biochemical characteristics of the sample
The physical and biochemical characteristics of the subjects according to their gender, were as
presented in table 4.2. Seven hundred and fifty four subjects participated in this study. Men had
13% higher homocysteine levels (p<0.0001), and 15% lower B 12 levels (p<0.01), than women,
but the concentration of serum folate was similar in both groups. There was no difference in age
between men and women. That was an important parameter since homocysteine levels increase
with age. Women had significantly higher levels of cholesterol and HDL than men did. The
proportion of diabetes was similar in both sexes and also similar in different genotype groups
(data not shown). Furthermore the proportion of smokers was similar in both sexes. The
difference in homocysteine levels between men and women could not be explained in terms of
folate levels, B12 levels, age and smoking.

There is extensive literature suggesting that there is a negative correlation between homocysteine
levels and folate. This was confirmed by the present study, where a strong negative and highly
significant correlation (p<0.0001) between homocysteine and both folate and B12 was observed
in both men and women. The correlation matrices are as presented in table 4.3.
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Table 4.2: Characteristics of the cohort by gender
MENf
N=408

WOMEN!
N=346

P-VALUE

Age*

66.3 (5.6)

65.7 (5.9)

0.19

Homocysteine (pmol/1)**

12.1 (6.7-21.8)

10.5 (5.7-19.3)

<0.0001

Folate (nmol/1)**

6.0 (2.4-15.2)

5.9 (2.4-15.8)

0.53

B12 (pmol/1)**

330.3 (159.2-685.4)

383.8 (259.8-820.6)

<0.01

Cholesterol (mmol/1)*

5.93 (1.0)

6.63 (1.1)

0.0001

HDL (mmol/1) *

1.26 (0.33)

1.55 (0.4)

0.0001

IHD (%)

15.4%

9.8%

0.02

Diabetes (%)

6.4%

4.3%

0.21

Hypertension (%)

26.3%

30.2%

0.24

Smokers {%)%

20.8

16.8

0.16

*
**

mean (± SD).
geometric means with 95%CI.
|
the number of individuals from whom homocysteine, B 12 and folate measurements were
obtained.
t
information on smoking was only available for 403 men and 346 women.

Table 4.3: Correlation matrices for men and women
MEN

LN(FOLATE)

LN(B12)

Ln(homocysteine)

-0.52

-0.39

P-value

0.0001

0.0001

WOMEN

Lnfolate

LnB12

Ln(homocysteine)

-0.43

-0.35

P-value

0.0001

0.0001
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4.3.2 Effect of smoking on homocysteine, folate and B12 levels
Smokers had 15% higher levels of homocysteine than in non-smoking men (p<0.01) and 10%
women (p<0.05). Results were as shown in table 4.4. Compared to non-smokers, male and
female smokers had 25% and 22% lower folate (p<0.01 for both genders). B12 levels were not
affected by smoking in either gender.

4.3.3 Homocysteine levels by town
As shown in Table 4.5, when levels of homocysteine were compared between the two towns,
men from Dewsbury had 10 % higher levels of homocysteine than those from Maidstone (12.7
pmol/1 vs. 11.5 pmol/1, p<0.01). The folate and B 12 levels were, however, similar in both towns
and for both genders. No difference in plasma homocysteine concentration was observed for
women from different towns. The difference in plasma homocysteine levels in men was still seen
after adjustment for the levels of folate, B12, age and smoking (p<0.01).
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Smoking!

4.9
(4.4-5.4)

(12.9-14.6)

(6.1-6.7)**

6.4

315.3
(290.8-342.0)

338.2
(324.4-352.6)

(pmol/1)

(nmol/1)

13.7

(11.3-12.0)**

11.6

B12

Folate

yes
(57)

no
(284)
11.5 (10.7-12.4)

(10.0-10.7)*

10.4

Homocysteine
(pmol/1)
Folate
(nmol/1)

WOMEN

4.8 (4.3-5.4)

<N
vd

yes
(84)

no
(318)

Homocysteine
(pmol/1)

MEN

(321.4-390.9)

354.5

(369.6-403.6)

386.2

B12
(pmol/1)

Table 4.4: Total serum homocysteine, serum folate and B 12 (age adjusted geometric mean, 95% Cl) by smoking status and gender
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Table 4.5: Total serum homocysteine, serum folate and B12 (age adjusted geometric mean, 95% Cl) by town and gender

Os
00

(N

Q £

CN

CO

CO

Os

<N

I

<N

CO

Os

o
O

CN

<N
CN

<N

<D
rO

O

O

V

*
*

Ph

4.3.4 Allelic frequencies of the C677T and A1298C polymorphisms
In the whole sample, the frequency of the T allele of the C677T polymorphism was 0.32 (95%
Cl; 0.30-0.34) whereas the frequency of the C allele of the A1298C polymorphism was 0.28
(95% Cl; 0.26-0.31). Both polymorphisms were in Hardy-Weinberg equilibrium, and there was
a significant linkage disequilibrium between them (A= 0.27 p<0.01). There was a statistically
significant difference in the frequency of the T allele between the two towns. The frequency of
the 677T allele in Dewsbury was 0.35 (95% Cl; 0.32-0.39) compared to 0.29 (95% Cl; 0.26-0.32)
in Maidstone (p<0.01). This was reflected in the higher proportion of homozygotes for the 677T
allele, seen in Dewsbury compared to Maidstone (12.8% vs. 6.7%, pO.OOl), The frequency was
similar in both men and women in both towns. There was no such frequency difference observed
for the A1298C polymorphism between towns.

4.3.5 Effect of the C677T polymorphism in the MTHFR gene on homocysteine, folate and
B12 levels
As shown in table 4.6, there was a highly significant effect of the C677T polymorphism on
plasma homocysteine levels in men, with those homozygous for the thermolabile variant having
16% higher homocysteine (p<0.01) when compared to the other two combined genotype groups.
In addition, those men homozygous for the thermolabile variant had significantly lower folate
levels (18% p<0.05), than the other combined genotypes, whereas B12 levels were not
significantly different. In women a similar relationship between genotype and homocysteine
levels was observed although the differences were not statistically significant apart from folate
levels, where individuals homozygous for the thermolabile variant had 16% lower folate
(p<0.05).
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The proportion of those homozygous for the thermolabile variant was significantly higher in the
highest homocysteine quartile in men and women combined, (highest versus lowest quartile
14.05% vs. 6.95% p=0.02). When men and women were examined separately there was a
considerable difference in the distribution of 677TT between quartiles of homocysteine. Results
presented in figure 4.1. In men belonging to the lowest quartile of homocysteine, the 677TT
frequency was only 1.96%, compared to 14% in the top quartile (p=0.02), gradually rising
between the quartiles. In women, however, the distribution of 677T homozygotes was not
significantly different between the highest and lowest quartiles of homocysteine (9.6% vs.
16.9%),

with

considerable

number

of
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677TT

homozygotes

at

all

quartiles.

TT

CT

CC

184

oo
ooH
36

336.8
(297.7-381.1)

6.2 (5.8-6.6)*

12.0**
(11.5-12.5)

<N
* T
OV ^
T“l 1

14.1
(12.8-15.5)

10.7
(10.2-11.2)

330.0
(312.8-347.9)

6.1 (5.7-6.5)*

i
ro

36

10.2
(9.8-10.7)

B12
(pmol/1)
Co
00
i
T~l© 2
8 c,
11.1
(10.1-12.2)

(pmol/1)

ov
H

Folate
(nmol/1)
Homocysteine

V
O
l—
H

Homocysteine
(pmol/1)

MEN

5.0 (4.3-5.9)

6.0 (5.6-6.5)*

6.0 (5.6-6.5)*

Folate
(nmol/1)

WOMEN

(317.0-410.6)

360.8

(347.5-393.8)

369.9

(376.4-424.5)

399.7

B12
(pmol/1)

Table 4.6: Total serum homocysteine, serum folate and B12 (age adjusted geometric mean, 95% Cl) according to C677T genotype
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Figure 4.1: Distribution of 677TT individuals in highest and lowest homocysteine quartiles

When analysis was performed by gender, town and genotype, for homocysteine, folate and B 12
levels, men from Dewsbury had significantly higher homocysteine levels and also the proportion
of both men and women homozygous for the 677TT genotype was higher when com pared to
those from M aidstone (12.8% men and 13.3% women from Dewsbury versus 6.7% men and
8.0% women from Maidstone). There was no interaction between sex and town or sex and
genotype, neither was between town and genotype.
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4.3.6 Effect of the A1298C polymorphism in the MTHFR gene on homocysteine, folate and
B12 levels
The A1298C polymorphism was not associated with significantly different homocysteine levels,
folate or B12 level as shown in table 4.7.

Although the A1298C polymorphism does not have any detectable effect on homocysteine
levels, it was suggested (van der Put et al 1998) that subjects heterozygous for both mutations
i.e. the 677CT and 1298GA have high homocysteine levels and the levels were similar to those
homozygous for the 677T allele. In order to test this hypothesis, genotypes for both mutations
were combined, as shown in Table 4.8. Individuals homozygous for both rare alleles, had the
lowest homocysteine levels, but not significantly lower when compared to any of the other
genotypes whereas those subjects heterozygous for both mutations did not have elevated
homocysteine levels. There was no significant interaction between the two polymorphisms. It
has furthermore, been suggested (van der Put et al 1998) that the 677T and 1298C allele are
always in trans. This was not observed in our sample, where thirteen subjects are in cis (677TT
and 1298CA). These results were confirmed by repeat genotyping of these 13 samples.

x

146

in

32

CC

t—h

AC

AA
320.2
(301.9-339.6)

(5.7-6.4)
2
349.7
(307.9-397.3)

338.0
(321.6-355.3)

CcT
so

6.03

B12
(pmol/1)

Folate
(nmol/1)
164

23

r-H

12.4
(11.2-13.7)

12.1
(11.5-12.6)

12.2
(11.7-12.7)

(pmol/1)

Homocysteine

MEN

(4.8-7.0)

5.80

5.91
(5.5-6.4)

Folate
(nmol/1)

Homocysteine
(pmol/1)

WOMEN

400.5
(341.1-470.1)

378.6
(356.2-402.4)

382.5
(360.3-406.2)

B12
(pmol/1)

Table 4.7: Total serum homocysteine, serum folate and B12 (age adjusted geometric mean, 95% Cl) according to A1298C genotype|
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Table 4.8: Total serum homocysteine (age and sex adjusted geometric mean, 95% Cl) in subjects
with combined C677T and A1298C genotypes
677(C-T)/1298(A-C)

CC

AC

AA

CC

11.3 (10.3-12.3)
N=43

11.2(10.7-11.7)
N=159

11.0(10.5-11.6)
N=134

CT

11.9 (9.9-15.4)
N=10

11.6(11.0-12.1)
N=137

11.2(10.7-11.7)
N=185

TT

9.8 (6.6-14.8)
N=2

11.4 (9.7-13.4)
N=13

12.9 (12.0-14.)
N=56

4.3.7 Regression analysis

Regression analysis was carried out to evaluate the percentage of the variance of plasma
homocysteine explained by the C677T polymorphism in the MTHFR gene, as well as nutritional
and life style factors. In men a model including age, smoking, levels of folate and B 12 explained
35% of the variance of homocysteine levels and in women 30.7% while the C677T
polymorphism explained 2% of the variance of homocysteine levels in men and 1.1% in women.
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4.4 Discussion

The subjects examined in this study were from 2 of the 24 towns in the British Regional Heart
Study recruited between 1978-80, namely Dewsbury and Maidstone, where subjects, still alive,
were contacted in 1996. At the same time, women, matched for age were recruited and included
in the study. This is a nested case-control study design, within the BRHS cohort. The whole
sample is therefore representative for the men and women of older adulthood. A big advantage
o f such design is that blood samples on which homocysteine measurements were based, were
collected before the onset of CHD events. This is important since retrospective and cross
sectional designs are methodologically less vigorous than cohort designs. Furthermore
homocysteine levels have been reported to rise after myocardial infarction (Egerton et al 1996)
making the interpretation of retrospective studies more difficult. Plasma homocysteine, folate and
B12 were measured and DNA was also extracted from blood samples from these individuals.

A systematic geographic variation in serum homocysteine levels has previously been shown in
the whole of the BRHS cohort where a gradient in serum homocysteine concentration from high
to intermediate to low homocysteine was seen from Scotland to Northern England to Southern
England respectively (Whincup et al 1999). The same gradient was also observed in the 1995-6
National Diet and Nutrition Survey (Bates et al 1997) among elderly (>65 years) men and
women (p=0.001 for north-south gradient in homocysteine levels). This north-south gradient was
described by Acheson & Williams (1983). Previous UK surveys of older people (Department of
health and social security 1972, 1979) have focused attention on micronutrient status, since
declining appetites and increasing burdens of disease and stress may increase the risk of

micronutrient deficiencies. The present finding of different homocysteine levels in men, between
the North of England, high CAD risk town of Dewsbury and the South of England, low CAD risk
town of Maidstone is thus not surprising, although the explanation for this difference is not
obvious. It is however somewhat surprising that this variation was not seen for the women but
no data was available from other studies for comparison for women with respect to geographical
location.

Other studies have found a difference in homocysteine levels between a high CAD risk area
(Belfast) and low risk areas (in France) (Malinow et al 1996). In that case control study, controls
from Belfast had significantly higher homocysteine levels than controls from France whereas
there was no significant difference in homocysteine levels between Northern Ireland (Belfast)
and France patients with MI. Although the interpretation of their results suggested an association
between homocysteine levels and MI transmitted within families by genetic or shared
environmental factors or both, no information about the mechanism through which this may
occur was provided.

In this representative study of elderly individuals, homocysteine levels werel3% higher in men
than in women, confirming the results of several other studies (Wilcken et al 1979, Blom et al
1988). There is no well-established hypothesis why men have higher homocysteine levels than
women. It has been suggested (Mudd et al 1975), that men may have higher homocysteine than
women because homocysteine is formed in conjunction with the formation of creatine-creatinine
and men with their larger body mass, produce more creatine-creatinine and homocysteine than
women.
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Homocysteine may also be related to menopausal status (Blom et al 1988). The fasting and post
methionine load serum homocysteine concentrations have been reported to be much lower in
premenopausal women than in men of the same age as well as post menopausal women. It has
been suggested (Blom et al 1988) that premenopausal women have greater efficiency in handling
methionine loading and this phenomenon may account for the lower incidence of vascular
disease in women during their reproductive years. Other studies, (Anderson et al 1992) have
shown similar homocysteine levels between men and women. Anderson et al (1992) measured
both free and total plasma homocysteine levels, before and after methionine loading, in men
premenopausal and postmenopausal women and found no gender or menopausal status
differences in fasting or post-methionine loading homocysteine.

Studies have shown that hormone replacement therapy (HRT) lowers homocysteine levels in
postmenopausal women (van der Mooren et al 1994, 1997, Mijatovic et al 1998). There was no
information available whether any of the women participating in this study was on HRT, but it
was probable.

Recent animal work (Kim et al 1997) found that estradiol treated rats had significantly lower
plasma homocysteine concentration when compared to untreated animals. Van der Mooren et al
(1994) demonstrated in an uncontrolled study, a significant reduction of 11% in fasting serum
homocysteine levels after 6 months of treatment with sequentially combined estradioldydrogesterone therapy in 21 healthy postmenopausal women. The effect was found especially
in women treated with transdermal estradiol in two dosages, 50 pg/d and 80 pg/d (Van der
Mooren et al 1994).
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In contrast, a recent study reporting on the effects of one year’s treatment with three-monthly
sequentially combined conjugated estrogen-medrogestone therapy in postmenopausal women
revealed that, after an initial significant 7% decrease in mean fasting plasma homosysteine
concentration during the first 6 months of treatment, plasma homosysteine values returned to
baseline levels during the second half of the year of HRT. It was hypothesised that this outcome
may have been be due to an unfavourable effect of the progestogen medrogestone used in a
relatively high dosage (10 mg/d) (Van der Mooren et al 1997).

The first randomised controlled study of HRT and homocysteine was published by Mijatovic et
al (1998). This study demonstrated that HRT given as sequentially combined estradioldydrogesterone therapy, for 15 months, significantly reduced plasma homocysteine levels (-13%)
versus baseline, whereas no changes were observed in the control group.

Although there is evidence from studies suggesting that HRT lowers homocysteine levels, little
is known about the mechanisms of the estrogen associated lowering of plasma homocysteine.
Proposed mechanismfrelated to an increase in kidney methionine synthase activity (Finkelstein
et al 1978) and or to changes in the transamination of methionine (Blom et al 1988).

From the available studies so far, it can be concluded that HRT lowers plasma homocysteine
levels in postmenopausal women and the highest reduction is observed in women with the initial
highest concentration. As in the case of folate supplements, further studies are required to
investigate whether reduction of homocysteine levels with HRT, are associated with reduced risk
of cardiovascular disease.
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It has been reported that homocysteine levels increase with age (Selhub et al 1993, Stehouwer
et al 1998). Nygard et al (1995) reported that men at age 65-67 had 12.3pmol/l of homocysteine
and women had 11.0pmol/l, values very similar to those reported here. By contrast the levels of
young people (mean age 25) from the EARS II study (Gudnason et al 1998) were 11% lower in
young men (young versus elderly 10.8 vs. 12.1pmol/l). The exact mechanism is not known but
it is believed that decreased efficiency of homocysteine thiolactone metabolism can be attributed
to loss of thioretinaco from mitochondrial and microsomal membranes during ageing (Olszewski
et al 1993). Another possibility for the increase of homocysteine levels with age, is the agerelated decline in cystathionine beta synthase and possibly in other enzymes involved in
- homocysteine metabolism (Gartler et al 1981).

There was a profound negative correlation between homocysteine levels and folate in the present
study, which is as has been found in most other studies (Graham et al 1997). There is
documented evidence that dietary folate intake through fruits and vegetables, varies
geographically in Britain, with the intake being lower in Scotland than in the South of England
(Ministry of agriculture 1996). This is however, not reflected in differences in the levels of serum
folate between men in the two towns in the present study, although the serum concentration in
Maidstone is slightly lower than that in Dewsbury, 6.0 nmol/1 vs. 6.2 nmol/1 respectively, (p =
not significant). For B12, there was no difference, between the two towns. This is further
reflected in the statistical analysis of the homocysteine levels, when adjustment for folate and
B12 do not alter the statistical significance between the two towns.
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Abnormalities of folate, vitamin B12 and vitamin B6, appear to play a major role in the
pathogenesis of increased homocysteine levels in older people (Selhub et al 1993, Brattstrom et
al 1994). In healthy middle-aged and older subjects, Brattstrom et al (1994) showed that folate
and vitamin B12 are the major determinants of plasma homocysteine levels and users of
multivitamins had lower levels than non-users. Selhub et al (1993) also demonstrated a strong
non-linear association between homocysteine levels and the dietary intake of folate and vitamin
B12 and B6 in a group of older participants in the Framingham Heart Study. Furthermore, in the
New Mexico Ageing Process Study (Koehler et al 1996) folate and vitamin B12 were both
significant determinants of homocysteine concentrations in elderly men and women.

Although by standard laboratory criteria folate and vitamin B 12 levels in most elderly people are
in the normal range, recent studies have suggested that some of these individuals manifest
subclinical and tissue deficiencies as proven by elevated levels of metabolites of homocysteine
and methylmalonic acid. The concentrations of both of these are now emerging as more sensitive
and specific indicators of folate and vitamin B12 deficiencies at tissue level. Using elevated
homocysteine and methylmalonic acid as criteria, approximately 7 and 12% of older patients
were vitamin B 12 deficient in the New Mexico Ageing Process Study (Keohler et al 1996) and
the Framingham Study (Lindenbaum et al 1994) respectively. Therefore the incidence of folate
deficiency may therefore, be higher than previously believed.

Adjustment for smoking did not alter the significance of the difference in homocysteine between
the towns, although smoking has a profound effect on serum levels of homocysteine (Stampfer
et al 1992) and the numbers of smokers in Dewsbury were higher than in Maidstone. The effect
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of smoking on plasma levels of homocysteine is consistent with most other studies, such as the
US Physicians' Health Study (Stampfer et al 1992) and the Hordaland Homocysteine Study
(Nygard et al 1995). Furthermore, in the US Physicians' Health Study (Stampfer et al 1992),
smoking was a significant determinant of plasma levels of folate, as was the case in the present
study. Despite this the levels of folate do not differ between the two towns as a whole. This is
also consistent with the analysis carried out on the whole BRHS cohort, where smoking did not
explain the geographic variation or the gradient in serum homocysteine levels (Whincup et al
1999). Renal failure observed in elderly people has been associated with elevated homocysteine
levels. In this study no information was available regarding creatinine levels and therefore this,
otherwise important factor, can not be included in the interpretation of data.

An interesting possibility as an explanation of the observed town difference in serum levels of
homocysteine, is the MTHFR genotype. All the subjects were genotyped for the two
polymorphism in the MTHFR gene. The frequency of the 677T allele was 0.32 overall, which
is similar to the frequency of 0.34 previously observed in the UK population (Gudnason et al
1998). However, when the frequency of the T allele was examined in the two towns, there was
a highly statistically significant difference between Maidstone (0.29) and Dewsbury (0.35),
p<0.01. The frequency of the 677T allele is known to vary between countries (Gudnason et al
1998) and even within a country (Sacchi et al 1997) but the frequency difference observed
between towns in this study raises the possibility of a sampling bias. When the frequency was
examined separately in men and women, the same town difference was seen for both genders,
lending a support to a true regional or town difference, in the frequency of the 677T allele. The
women participated in this study were recruited several years later from the same towns and from
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the same general practises and were matched for age. As a frequency difference has a great
potential for stratification bias, when comparing allele frequencies in genetic studies of disease,
further studies on frequencies of the 677T allele in the MTHFR gene within the UK and other
countries are needed.

The frequency of the rare allele for the A1298C polymorphism was not statistically significant
between town or between men and women. The frequency reported here (0.28) is slightly lower
than that reported previously (van der Put et al 1998) i.e. (0.33), and this may be explained by
the fact that allelic frequencies are population specific.

When the effect of the C677T polymorphism on serum levels of homocysteine was examined,
the consistently observed effect of the 677TT homozygotes to have higher levels of
homocysteine was seen in the sample as a whole (p<0.01). However, when men and women were
examined separately the effect was much more profound in the men. Most studies, examining
the effect of this polymorphism on plasma levels of homocysteine have been in men, but those
studies carried out on women have shown the same effect (Schwartz et al 1997). When the
distribution of the 677TT homozygotes was examined, the highest proportion was seen in the
highest quartile of homocysteine, but only for the men (1.96% versus 14% in the lowest and the
highest homocysteine quartile respectively, p<0.02). In the women, on the other hand, the
distribution of the 677TT homozygotes was more even over all the quartiles, suggesting a gender
associated factor must be modulating or abolishing the effect of 677TT homozygosity on blood
levels of homocysteine. It is well documented that folate reduces or abolishes the homocysteine
raising effect of the 677TT alleles. This may well be a major contributing factor in this study as

homocysteine is strongly inversely related to folate levels in all quartiles of homocysteine
concentration.

Whether lack of effect o f the C677T polymorphism on serum homocysteine levels in women
explains the large difference in serum homocysteine levels between men and women in this study
is not clear. A recent study by Brown et al (1999) demonstrated that women with the 677TT
genotype did not show decreased homocysteine in response to HRT as demonstrated for women
with the CC genotype. Therefore, it seems to be that HRT is an effective method of lowering
plasma homocysteine concentration, irrespective of genotype. When analysis was carried out,
adjusting for the MTHFR genotype, the difference was still statistically significant. This was also
the case after adjustment for B 12 levels that were significantly different between the genders in
this sample. There is thus no clear explanation for this difference between men and women in
serum levels of homocysteine.

When the effect of the A1298C polymorphism was examined in this sample there was no effect
seen on serum levels o f homocysteine or folate and B12, despite considerable linkage
disequilibrium between with the C677T polymorphism. Van der Put et al (1998) reported that
neither the homozygous nor the heterozygous state of the A1298C genotype was associated with
higher plasma homocysteine or lower folate levels in a sample of neural tube defect patients and
their parents. Our results confirm these findings in a representative general population. However,
Van der Put et al (1998) suggested that combined heterozygosity for both polymorphisms
resulted in reduced MTHFR specific activity, higher homocysteine levels and decreased plasma
folate and therefore combined heterozygotes behaved in a similar manner as those homozygotes
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for the thermolabile variant. In this sample, when genotypes of both polymorphisms were
combined, and homocysteine levels were examined, there was no significant interaction between
the two mutations and combined heterozygotes for both mutations did not have significantly
higher homocysteine levels when compared to any other genotype.

The differences in serum homocysteine levels between men in the two towns might possibly be
explained by the MTHFR genotype. However, the difference in serum homocysteine was still
observed after adjusting for the C677T polymorphism. The frequency difference of the 677T
allele between the two towns is likely to be a true difference as discussed above. Few studies
have described differences between towns or regions in homosysteine levels or studied the effect
of genetic variation on the difference. A difference in levels of plasma homocysteine between
countries has been reported (Gudnason et al 1998), where a significantly higher levels of
homocysteine was seen in Italy compared to other European countries. This coincided with a
much higher frequency o f the 677T allele and in particular with higher proportion of 677TT
homozygotes, similar to the observation in the study described here. However, as in the present
study, the difference in homocysteine levels was not explained by the higher frequency of the
677T allele, using the same conventional statistical analysis. This leaves the possibility that there
is another, yet unidentified, environmental or genetic factor, responsible for the higher
homocysteine levels. For the genetic factor, this could be a genetic variation in linkage
disequilibrium with the thermolabile C677T polymorphism in the MTHFR gene, or in an
altogether different gene, involved in the metabolism of homocysteine. It is of a potential great
importance to examine further this possible association between regional differences in blood
levels of homocysteine, coinciding with frequency differences of the C677T polymorphism in

the MTHFR gene.

In this sample of older adults it is clear that the effect of the C677T polymorphism on blood
levels of homocysteine is considerable, although it only explains just under 2% of the total
variation in serum levels of homocysteine. In a previous study of young individuals (Gudnason
et al 1998) this same polymorphism explained about 12% of the total variation in plasma
homocysteine concentration. Although environmental factors have a large impact on the blood
levels of homocysteine, there is still a room for one or more genetic components for the
determination of homocysteine levels.
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Chapter 5: Increased folic acid lowers plasma homocysteine levels irrespective of
MTHFR polymorphism

Summary

The degree o f reduction of homocysteine levels after administration of folic acid from
different sources was examined in relation to common polymorphisms that have been
identified in the methylenetetrahydrofolate reductase (MTHFR) gene. The different folate
sources were folate rich foods, fortified cereals and synthetic folate supplements. The
subjects participating in this study were 59 healthy individuals from Dunedin in New Zealand
aged 36-71 years having homocysteine levels >9pmol/l at recruitment. The polymorphisms
studied were the C677T and the A1298C. The allele frequency for the 677T was 0.43 (95%
Cl 0.34-0.52) and the allele frequency for the 1298C was 0.22 (95% Cl 0.15-0.30). Plasma
homocysteine levels, folic acid levels and B12 levels were not significantly different at
recruitment between the different genotype groups. In order to increase the power to detect
genotype response to different folate treatment, subjects were grouped into those receiving
synthetic folate or fortified cereals (high folate group) where mean homocysteine fell by 26%
and compared with subjects in the placebo and diet group (low folate group) where mean
homocysteine fell by 9% at the end of the intervention period (week 12). After twelve weeks
of administration, 677TT genotype individuals in the high folate group lowered their
homocysteine levels by 35% compared to a fall of 11% in the low folate group, while
individuals having the combined 677CC/CT genotype lowered their homocysteine by 25% in
the high folate group and by 7% in the low folate group. However, the homocysteine levels at
the end of the intervention period were very similar between groups that received the same
folate treatment irrespective of genotype. In the high folate group, homocysteine levels were
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8.7pmol/l for both the 677CC/CT and 677TT genotype groups whereas in the low folate
group they were 10.5pmol/l and 10.7pmol/l respectively. Thus, although subjects
homozygous for the thermolabile variant of the MTHFR gene have the highest homocysteine
levels, administration o f synthetic or dietary folate effectively lowers homocysteine levels
and therefore this genotype is sensitive to treatment and is manageable.
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5.1 Introduction

In 1996, the Food and Drug Administration (FDA) issued a regulation to be effective by
January 1998, requiring that all enriched flour, rice, pasta, commeal and other grain products,
contain 140pg of folic acid per lOOg (Food standards 1996). The aim of this action was to
increase the intake of folate by women of childbearing age in response to the
recommendations of the Public Health Service who suggested that ‘all women at childbearing
age who are capable of becoming pregnant should consume 0.4mg of folic acid per day for
the purpose of reducing their risk of having a pregnancy affected with spina bifida or other
neural tube defects (NTD) (MMWR 1992). It has been estimated that folic acid fortification
of food (140pg of folic acid per lOOg of food) would provide 80-100pg of folic acid per day
to the diet of women at childbearing age and 70-120pg to the diet of middle aged and older
adults (Food standards 1993).

Folic acid deficiency is associated with many complications. Folate deficiency causes a
defect in DNA synthesis resulting in macrocytic anemia and conspicuous megaloblastic
changes in the blood and bone marrow. The clinical diagnosis traditionally depends on the
detection of these classic hematologic features and it is confirmed by measurement of low
folate concentrations in the blood (Green and Miller 1999). There is a dispute regarding the
sensitivity and accuracy of these traditional methods and recently sensitive biochemical
indicators of folate deficiency have come into use, including assays o f homocysteine, which
accumulates in the absence of sufficient folate levels.

Folate deficiency is not always related to anemia, as it can be related to other pathological
situations. The best examples are predisposition to occlusive vascular disease associated with
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hyperhomocysteinaemia and increased risk of developmental defects such as spina bifida in
babies bom of women with inadequate folate nutrition during pregnancy. The complications
related to folate deficiency, other than hematological, are summarised in table 5.1.

Table 5.1: Complications related to folate deficiency other than hematological.
Type

Complications

Cardiovascular

Cardiovascular, cerebrovascular and peripheral vascular
disease associated with atherosclerosis and thrombosis

Metabolic

Raised homocysteine and related thiols

Developmental

Neural tube defects

Neurological

Depression, psychosis, peripheral neuropathy

Neoplastic

Predisposition to cancer

Epithelial

Megaloblastic changes

Folate deficiency may be acquired as the result of malnutrition and starvation or might be the
result of inborn errors of folate transport and metabolism as described in detail by Rosenblatt
(1989). Methylenetetrahydrofolate reductase deficiency, is the most widely studied of the
inherited disorders of folate metabolism and is a condition where clinical severity correlates
with the degree o f enzyme deficiency. The major biochemical findings are moderate
homocysteinaemia and homocysteinuria with low or relatively normal levels of methionine.

Elevated levels of homocysteine have been reported in several studies on patients with folate
deficiency (Kang et al 1987, Stabler et al 1988, Jacobsen et al 1989). Kang et al (1987) first
reported moderate elevations of homocysteine in 53% of individuals with low-normal semm
folate levels. Stabler et al (1988) found that 18 out of 19 patients with elevated homocysteine
had folate deficiency. Elevated levels of homocysteine are often attributed to folate
deficiency and even in apparently healthy volunteers there is a negative correlation between
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homocysteine levels and serum folate or red cell folate levels (Selhub et al 1993, Ubbink et al
1993, Jacobsen et al 1994, Pancharuniti et al 1994). Therefore there may be a considerable
prevalence of subclinical vitamin deficiency associated with impaired homocysteine
metabolism and as a result there is an increase in homocysteine levels in individuals with
apparently normal folate levels (Green 1995, Ueland et al 1989).

Blood concentrations of homocysteine are inversely related to blood concentrations of folate,
vitamin B12 and to a lesser extend vitamin B6 (Selhub et al 1993). It has also been suggested
that in elderly populations a substantial majority of cases of high homocysteine can be
attributed to vitamin status (Selhub et al 1993). Dietary supplements of these vitamins have
been used to reduce homocysteine concentrations

in subjects with homozygous

homocysteinuria (Mudd et al 1985). Several randomised-controlled studies of the effects of
folic acid based supplements on homocysteine concentrations have been conducted (Clarke et
al 1998a). There are also several ongoing studies on homocysteine lowering therapy (Clarke
et al 1998b). These long-term studies aim to elucidate the degree of homocysteine reduction
by vitamin supplements and also to determine whether reduction of homocysteine reduces the
risk of cardiovascular disease. Furthermore, several studies have reported that individuals
homozygous for the 677T allele of the MTHFR gene have significantly lower folate level
when compared to the other two genotypes (Harmon et al 1996, Deloughery et al 1996).

The purpose of the present study was to examine the effect of MTHFR polymorphisms
(C677T and A1298T) on plasma homocysteine, serum folate, red cell folate and serum
vitamin B12 levels in response to an increase in either dietary folate or administration of
synthetic folate supplements.
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5.2: Materials and Methods

5.2.1 Subjects
As described in section 2.11.3

5.2.2 Study design
At recruitment, subjects were asked to complete a four-day diet record for assessment of
usual food and nutrient intake and blood samples were collected 24-48 hours apart.
Participants were then asked to follow a fat modified diet for a two-week run-in period. At
the end of the two week run-in (baseline), dietary intake was assessed again, two blood
samples were collected 24-48 hours apart and subjects were randomised, following
stratification for gender, into four groups, a control group and three intervention groups.
During the 12-week intervention phase, four-day diet records were completed and blood
samples collected at weeks six and twelve. At each time point, two blood samples were
collected 24-48 hours apart for measurement of plasma homocysteine. A schematic
presentation of the study is given in figure 5.1

Start
Recruitment baseline

Middle

2 weeks
Week 1 of
intervention period Week 6

End

Week 12 of
intervention period

Figure 5.1: Schematic presentation of the New Zealand intervention study.
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5.2.3 Diet
The control group continued to consume the fat modified diet followed in the run in period as
well as consuming 5ml of canola oil daily as placebo. All three-intervention groups were
instructed to increase their usual intake of folate from 250 pg/day to 600 pg/day. The dietary
folate group increased their consumption of folate rich foods, the cereal group and
supplement group increased their consumption of folic acid from fortified cereals and a tablet
respectively. Compliance was assessed by a daily checklist and returned pill containers.
Nutrient composition of the four day diet records was determined using “Diet entry and
Storage” and “Diet Cruncher” (Marshall et al 1993) which used food composition data from
the New Zealand Institute for Crop and Food Research Ltd (Burlingame et al 1997).

5.2.4 Blood collection and measurements
Whole blood was collected for DNA extraction and genotyping and stored at -20°C prior to
analysis. Serum folate, red cell folate and serum vitamin B12 levels were measured on only
one blood sample at each time period. Details as described in sections 2.11.3, 2.12.3, and
2.12.3.1.

5.2.5 DNA extraction and genotyping
As described in sections 2.1, 2.2, 2.3, 2.4 and 2.5.

5.2.6 Statistical analysis
Plasma homocysteine and serum folate levels were log transformed to normalise the
distribution so geometric means and their 95% confidence interval were reported. All other
data were reported as mean values with standard deviation (SD). No significant differences in
plasma homocysteine, serum folate, red cell folate and serum vitamin B12 levels were
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detected between wild type and heterozygous type for either the C677T or A1298C variant.
Therefore individuals with these genotypes were combined and compared with individuals
homozygous for the rare alleles to increase the numbers. Since there was no significant
change in plasma homocysteine in the dietary folate group, this group was combined with the
control group (treatment group 1). Similar changes in plasma homocysteine were observed in
the cereal and supplement groups so they too were combined (treatment group 2). Multiple
regression analysis was used to determine the difference in individuals homozygous for the
rare allele and all others. Multiple regression analysis was further used to determine the
difference between C677T genotype with respect to folate intervention following adjustment
for treatment group and baseline values. Repeat analysis was conducted following adjustment
for A1298C genotype. Only four subjects were homozygous for the MTHFR A1298C
variant, two in each of the treatment groups therefore due to such small numbers, analysis
with respect to A1298C variant was not conducted. In the case of In transformed data the
difference between intervention and control groups was expressed as a ratio (with 95%
confidence interval). Product moment correlations were used to determine associations
between plasma homocysteine levels and serum folate, red cell folate and dietary folate, (all
but dietary folate expressed as In transformed data). Linear regression was used to determine
variance of plasma homocysteine levels and change in levels after adjusting for age and sex.
All analyses were undertaken using SPSS for windows release 6.1.3. (SPSS Inc).
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5.3 Results

5.3.1 General characteristics of the sample
Characteristics of the study participants have been described in section 2.11.3. In brief the
average age (SD) and BMI of the group was 59(8) years and 28(4) respectively (table 5.2).
Table 5.2: Characteristics of the sample at recruitment. Values are Mean (SD) unless
otherwise stated
Trait
Recruitment
Age (year)

59.0(8.2)

No. men

37

No. women

22

BMI

28(4)

Plasma homocysteine (pmol/1)*

11.9(11.7-12.2)

Serum folate (nmol/1)*

15(14-18)

Red cell folate (nmol/1)

608(202)

Serum B12 (pmol/1)

239(86)

Cholesterol (mmol/1)

5.89(0.94)

Triglycerides (mmol/1)

2.02(0.84)

MTHFR genotype n(%)
677CC

18(31)

677CT

30(52)

677TT

10(17)

1298AA

37(63)

1298AC

18(31)

1298CC

4(7)

* Geometric mean (95% confidence interval)

Note: Genotypes were obtained from 58 samples for the C677T polymorphism and from 59
samples for the A1298C polymorphism.
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Individuals having homocysteine levels >9pmol/l at recruitment participated in the study.
The average daily intake of folate was above the recommended 200 pg (as established after
interviews) and all subjects had serum folate levels within the reference range (5.7-45.0
nmol/1). Two subjects had red cell folate levels below 300 nmol/1, 296 and 238 nmol/1
(reference range 300-1750 nmol/1). Blood samples were collected from 37 men and 22
women of the 62 subjects who completed the intervention program,

DNA was

successfully extracted from 59 samples and genotyped for the presence of the C677T and
A1298C polymorphisms in the MTHFR gene (table 5.2).

5.3.2 Allelic frequencies of the C677T and A1298C polymorphisms
In the sample the frequency of the T allele of the C677T polymophism was 0.43 (95% Cl
0.34-0.52) whereas the frequency of the C allele of the A1298C polymorphism was 0.22
(95% Cl 0.15-0.30). Both polymorphisms were in Hardy-Weinberg equilibrium and there
was a significant linkage disequilibrium between them (A=0.59 p<0.01). There was no
statistically significant difference in the frequency of the 677T allele or 1298C allele between
men and women or between subjects receiving different folate treatment.

5.3.3 No evidence of interaction between the C677T and A1298C variants of the
MTHFR gene
It was suggested by van der Put et al (1998) that the 677T and 1298C alleles are always in
trans. This observation was confirmed by the present study, and subjects homozygous for
either variant of MTHFR always possessed the homozygous common genotype of the other
MTHFR variant (table 5.3). No significant differences in plasma homocysteine, serum folate,
red cell folate and serum B12 were detected in individuals with combined heterozygosity for
both MTHFR polymorphisms (677CT and 1298AC genotype) when compared to any of the
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other genotypes, providing no evidence of an interaction between the two genotypes (table
5.3).

Table 5.3: Plasma homocysteine, serum folate, red cell folate and serum B12 levels at
recruitment, according to MTHFR genotypes. Values are geometric mean (95% Cl), unless
otherwise stated.

Variable

Genotype

677CC

677CT

677TT

Plasma

1298AA

11.0(8.6-14.2)

11.3(10.2-12.6)

13.1(7.9-19.5)

(n=5)

(n=21)

(n=10)

11.9(9.9-14.2)

11.6(10.3-13.1)

NO

(n=9)

(n=9)

11.2(7.1-17.7)

NO

NO

homocysteine
(pmol/1)

1298AC

1298CC

(n=4)
Serum folate

1298AA

15(11-19)

15(12-19)

16(11-25)

(nmol/1)

1298AC

15(13-18)

15(10-23)

NO

1298CC

17(5-62)

NO

NO

Red cell folate*

1298AA

560(134)

579(217)

684(254)

(nmol/1)

1298AC

602(206)

570(161)

NO

1298CC

717(161)

NO

NO

Serum B12*

1298AA

246(123)

249(101)

230(76)

(pmol/1)

1298AC

243(56)

242(92)

NO

1298CC

191(61)

NO

NO

* Values are mean (SD) NO = Not observed
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5.3.4 Plasma homocysteine, serum folate, red cell folate and serum B12 levels at
recruitment according to genotype.
No significant difference in plasma homocysteine levels was detected between individuals
with 677CC and 677CT genotypes, 11.5pmol/l (95% Cl 7.4-19.4) vs. 11.5pmol/l (95% Cl
8.7-15.1) and therefore these genotypes were combined into a single group and compared as a
whole with 677TT individuals. As shown in table 5.4 there was no significant difference in
plasma homocysteine levels, serum folate, red cell folate and serum vitamin B12 levels with
respect to any o f the genotypes. Individuals homozygous for the 677T allele had 1.7pmol/l
higher plasma homocysteine levels when compared to those individuals possessing the
combined genotype. As seen from the ratio of 677TT/(677CC-CT), subjects homozygous for
the 677TT genotype had 15% higher homocysteine levels (95%CI 1.00-1.27) but this was
marginally not significant. Ratio of values was used because with logarithmic transformed
data (i.e. homocysteine) the difference cannot be estimated on actual scale. For the same
reason the ratio was used to express the difference of serum folate levels between groups.
Individuals homozygous for the 677T genotype had 6% higher folate levels when compared
to the other two combined genotypes but that was not statistically significant.
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Table 5.4: Plasma homocysteine, serum folate, red cell folate and serum B12 levels at
recruitment according to genotype. Values are geometric mean (95% Cl) unless otherwise
stated.
N

Mean

677CC/CT

48

11.4(10.8-12.2)

677TT

10

13.1(10.7-16.0)

1298AA/AC

55

11.8(11.1-12.5)

1298CC

4

11.2(7.1-17.7)

677CC/CT

48

15(13-17)

677TT

10

16(11-25)

1298AA/AC

55

16(14-18)

1298CC

4

17(5-62)

Genotype

RATIO a

Plasma homocysteine (pmol/1)

1.15 (0.98-1.34)

0.95 (0.74-1.21)

Serum folate (nmol/1)

1.06 (0.76-1.46)

1.10(0.67-1.80)
DIFFERENCE6

Red cell folate (nmol/l)+
677CC/CT

48

592(191)

677TT

10

684(254)

1298AA/AC

55

600(203)

1298CC

4

717(161)

677CC/CT

48

241(90)

677TT

10

230(76)

1298AA/AC

55

233(73)

1298CC

4

243(94)

92.60(-48.26-233.46)

117.09(-91.80-325.97)

Serum B12 (pmol/1)+
ll(-2 3 .1-139.2)

10(-21.3-134.5))

Analysis of C677T variant was not available for one subject who is subsequently excluded
from analysis
* Values expressed as Mean (SD)
A Ratio of level of variable in 677TT subjects compared with 677CC/CT subjects (95% Cl)
B Difference between level of variable in 677TT subjects compared with 677CC/CT subjects
(95% Cl)
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To further examine the effect of different genotypes on plasma homocysteine levels the study
population was divided into deciles of serum folate levels. In individuals with serum folate
levels below the 50 percentile (<15 nmol/1), the 677TT genotype individuals (n=4 out of 10)
were associated with significantly higher plasma homocysteine levels compared with 61 ICC
and 677CT genotype individuals (n=25 out of 48), 16.5 jimo 1/1 (95% Cl 11.5-23.8) vs.
11.7pmol/l (95% Cl 10.7-12.8) ratio=1.4 (95%CI 1.12-1.79). Using the ANOVA test with
plasma homocysteine as the dependent variable and C677T and serum folate as independent
factors a significant interaction was observed between genotype and serum folate (p for
interaction = 0.03). No significant difference in plasma homocysteine levels in individuals
with serum folate levels above the mean was detected. The increased relationship with low
folate status and plasma homocysteine levels in 677TT individuals is graphically represented
in figure 5.2.

The A1298C genotype did not have any statistically significant effect on plasma
homocysteine, serum folate, red cell folate and vitamin B12 levels and there was no
interaction between this genotype and serum folate (p for interaction =0.19).
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677CC/CT r=-0.25, p=0.09
677TT r= -0.56, p=0.09
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Figure 5.2: Correlation between plasm a hom ocysteine and serum folate levels at recruitm ent
according to M TH FR genotype.

5.3.5 Effect of genotype on response to dietary intervention
Plasm a hom ocysteine, serum and red cell folate levels during the intervention period are
presented in table 5.5. Baseline values and not recruitm ent values were used for analysis
since adm inistration o f supplem ents began at week 1 (baseline). A fter adjusting for the
change in treatm ent group 1 (low folate group and placebo) and baseline values, the change
in plasma hom ocysteine levels in the 677TT subjects was greater than 677CC/CT subjects
and week 12 values were lower (ratio=0.92 95% Cl 0.82-1.04), although these results did not
quite achieve statistical significance (table 5.5). When individual genotype group response
was exam ined in term s o f treatment, the 677TT group individuals receiving treatm ent 2
(synthetic folate and fortified cereals) had the best response and lowered their hom ocysteine
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levels on average by 35% (ratio=0.65 95%CI 0.56-0.74) and this change was statistically
significant. Furthermore, group 677CC/CT individuals receiving the same treatment lowered
their homocysteine levels by 25% whereas individuals homozygous for the 677T allele
receiving treatment 1 reduced their homocysteine levels by 11% and individuals with
677CC/CT genotype by 7% respectively. Overall and irrespective of genotype, subjects
receiving treatment 1 reduced their homocysteine levels by 9% whereas subjects receiving
treatment 2 reduced their homocysteine levels by 26% (data obtained from analysis of results
from table 5.5).

Individuals receiving the same treatment resulted having very similar levels of homocysteine
at the end of the study (week 12) Irrespective of genotype and homocysteine levels at
baseline. Individuals for the combined 677CC/CT genotypes having treatment 1 had
10.5pmol/l vs. 10.7|amol/l for the 677TT group, whereas individuals for the combined
677CC/CT genotypes and individuals having the 677TT genotype, receiving treatment 2 had
8.7pmol/l respectively. There was no difference in serum and red cell folate levels at the end
of the intervention period with respect to genotype. Individuals receiving similar treatment
had very similar levels of serum folate and red cell folate. When adjusting for the A1298C
MTHFR variant results were not appreciably altered, providing little evidence of an
interaction effect between the two variants. Administration of folate had no effect on serum
B12 levels (data not shown).
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Table 5.5: Change in plasma homocysteine, serum and red cell folate during the intervention
period according to MTHFR genotype. Values are geometric mean (95% Cl) unless
otherwise stated.

Baseline
MTHFR
Genotype
Plasma homocysteine (pmol/1)
Treatment 1
11.3(10.3-12.5)
677CC/CT
12.0(8.7-16.7)
677TT
11.5
(8.3-18.1)
ALL
Treatment 2
11.5(10.4-12.7)
677CC/CT
677TT
13.4(10.4-17.2)
11.7/7.8-16.9)
ALL
Serum folate (nmol/1)
Treatment 1
677CC/CT
15(13-17)
677TT
15(10-24)
Treatment 2
677CC/CT
17(14-20)
677TT
15(7-31)
Red cell folate (nmol/1)*
Treatment 1
677CC/CT
677TT
ALL
677CC/CT
677TT

530(138)
680(230)
551(162)
Treatment2
588(191)
589(143)

Week 12

RATIOa

Adjusted RATIO*1

0.92(0.82-1.04)

0.93(0.82-1.05)

1.00(0.82-1.22)
Difference^

1.01(0.83-1.24)
Adjusted difference0

-7.04
(-122.82-108.73)

-7.39
(-126.01-111.24)

10.5(9.3-11.7)
10.7(8.6-13.3)

8.7(7.8-9.8)
8.7(8.7-9.7)

18(15-21)
16(10-26)
40(38-43)
43(41-46)

592(165)
583(229)
590(172)
982(199)
1074(230)

A Ratio of level of variable in 677TT subjects compared with 677CC/CT subjects, adjusted
for baseline value and treatment group (95% Cl)
B Ratio of level of variable in 677TT subjects compared with 677CC/CT subjects, adjusted
for A1298C variant, baseline value and treatment group (95% Cl)
c Difference between level o f variable 677TT subjects compared with 677CC/CT subjects,
adjusted for baseline value and treatment group (95% Cl)
DDifference between level o f variable 677TT subjects compared with 677CC/CT subjects,
adjusted for A1298C variant, baseline value and treatment group (95% Cl)
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5.3.6 Profound effect of the 677TT genotype of the MTHFR gene in subjects with
highest homocysteine levels
As initial plasma homocysteine levels are a strong determinant of final plasma homocysteine
levels, the study population was separated into subjects with baseline plasma homocysteine
levels above the geometric mean (11.7 pmol/l) and multiple regression analysis was repeated
(table 5.6). For the MTHFR C677T genotype, 58 samples were successfully genotyped and
27 samples were above the geometric mean. For the combined group 677CC/CT those with
homocysteine levels above the mean were 20 out of 48 (i.e. 42%) and for the 677TT group, 7
individuals out o f 10 had levels above the mean (i.e. 70%). In individuals with the highest
initial plasma homocysteine level, 677TT individuals had a greater decline in plasma
homocysteine levels and lower levels at week 12 after adjusting for baseline plasma
homocysteine levels and treatment group. As shown from table 5.6, they decreased their
homocysteine levels by 22% and this change was statistically significant. The change in
plasma homocysteine levels was not significantly different between genotypes in subjects
with plasma homocysteine levels below the mean (results not shown). These results indicate
that the influence of the 677TT genotype may be restricted to subjects with the highest initial
plasma homocysteine levels.
Table 5.6: Change in plasma homocysteine levels during the intervention period in subjects
with baseline levels greater than the mean (11.6 pmol/l). Values are geometric mean
(95% Cl)
MTHFRGenotype
677CC/CT
677TT

Baseline
(pmol/l)
13.7(12.7-14.7)
15.3(12.7-18.4)

Week 12
(pmol/l)
11.2(10.1-12.5)
9.9(7.7-12.7)

RATIO a

0.78(0.62,0.98)

A Ratio of level of variable in 677TT subjects compared with 677CC/CT subjects, adjusted
for baseline level and treatment group (95% Cl)
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5.3.7 Biochemical and genetic determinants of plasma homocysteine levels
Correlation coefficients were used to determine the relation between plasma homocysteine
and serum, red cell and dietary folate and between serum folate and dietary and red cell folate
at recruitment (table 5.7). There was a significant negative correlation between homocysteine
levels and serum folate (r=-0.29, p=0.03) and serum folate seems to be the most significant
determinant of plasma homocysteine levels at recruitment. Furthermore, there was a
significant negative correlation between homocysteine levels and dietary folate.

Table 5.7: Correlation coefficients of variables associated with plasma homocysteine and
serum folate at recruitment
Plasma Homocysteine*
r

Serum Folate

P value

r

P value

Serum folate

-0.29

0.03

Red cell folate

0.00

0.99

0.43

0.001

Dietary folate

-0.30

0.02

0.25

0.06

* Analysis performed on 59 subjects

Similar analysis was performed in order to determine the correlation coefficients of variables
associated with change in homocysteine and serum folate levels at the end of week 12 and
after administration of folate. Results are shown in table 5.8.
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Table 5.8: Correlation coefficients of variables associated with change in plasma
homocysteine and serum folate levels.

CHANGE IN PLASMA

CHANGE IN SERUM FOLATE

HOMOCYSTEINE*
r

r

P value

P value

Serum folate

-0.64

0.001

Red cell folate

-0.47

0.001

0.66

0.001

Dietary folate

-0.24

0.07

0.40

0.002

* Analysis performed on 58 subjects

There was a significant negative correlation between change in homocysteine levels and
serum folate as well as red cell folate. The increase in serum folate was positively associated
with red cell folate (p=0.001) and dietary folate (p=0.002).

5.3.8 Regression analysis
Multiple regression analysis was carried out in order to evaluate the role of age, sex, folate
levels and genotype on homocysteine levels at recruitment, as well as their effect on the
changes of homocysteine levels after administration of folate. Results are presented in table
5.9.

In order to determine if the presence of the rare allele for either MTHFR variant further
accounted for any variance in plasma homocysteine levels at recruitment, multiple regression
analysis was carried out. Two different models were employed. The first model (one)
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included age, sex and serum folate only, the second model (two) further included both
MTHFR variants. In total, 9% of the variance in plasma homocysteine levels at recruitment
could be explained by serum folate levels (R2=0.09), the inclusion of genotype for either
MTHFR variant did not significantly alter the results (R2=0.10).

With respect to changes in homocysteine levels, after adjusting for age and sex, 46% of the
variance in change (In plasma homocysteine at week 12 - In plasma homocysteine baseline)
in plasma homocysteine could be explained by the change in serum folate. The presence of
the rare allele for both MTHFR variants significantly contributed to the variance in change in
plasma homocysteine during the intervention period since a further 6% of the variance could
be explained by the presence o f either rare allele (R2=0.52).
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5.4 Discussion

Fifty-nine subjects participated in an intervention study to lower homocysteine levels with
administration of folic acid. The subjects were healthy individuals, non-smokers that at the
time of recruitment had homocysteine levels >9pmol/l and did not receive any medication
known to affect folate metabolism.

Homocysteine arises entirely from dietary methionine and is normally present in the plasma
at low concentrations (5-15pmol/l). Metabolism takes place through two major pathways, one
via remethylation to methionine and the other through irreversible transsulphuration to
cysteine. Remethylation may occur through two alternative pathways, the predominant of
which requires folate and vitamin B12. Folate deficiency, irrespective of the cause, decreases
homocysteine conversion through this pathway with a subsequent increase in plasma
homocysteine concentration. About half of all available homocysteine is normally
metabolized through remethylation (Mudd and Poole 1975). Disturbance of homocysteine
metabolism can result from genetic or nutritional disorders that effect these pathways or from
both.

The polymorphisms examined were the C677T and A1298C that both occur on the MTHFR
gene. Deficiency of 5,10-methylenetetrahydrofolate due to an inadequate dietary intake or
decreased activity of MTHFR as observed with both variants (Frosst et al 1995, Jacques et al
1996, van der Put et al 1998) may result in elevated plasma homocysteine levels and a
redistribution of folate within the body. The redistribution of folate results from the decreased
formation of the product of MTHFR activity, 5-methyl

tetrahydrofolate that is the major

circulating form of folate and presents as decreased plasma or serum folate. The substrate for
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MTHFR, 5,10-methylenetetrahydrofolate, is largely contained within the cell and levels may
increase with decreased MTHFR activity (Rosenblatt 1989). This may explain an increase
observed in red cell folate with these variants (van der Put et al 1995).

The frequency o f the 677T allele was 0.43 overall. The frequency of the 677T allele in the
present study is much higher than frequencies reported in other studies (Fletser & Kessling
1998, Gudnason et al 1998). This might be because the sample is biased since at recruitment
only subjects with homocysteine levels >9pmol/l participated in the study. This suggests that
that elevated homocysteine levels are particularly profound in individuals homozygous for
the 677T allele. Since there are no studies available reporting frequency of the MTHFR 677T
allele in the general New Zealand population it can not be concluded whether this
polymorphism has a higher prevalence in New Zealand or whether the sample is biased. In
studies performed in Australian populations with respect to the C677T polymorphism
(Wilcken et al 1996, McQuillan et al 1999, Wang et al 1999) the frequency of the 677T allele
was similar to that reported in the UK. With respect to the A1298C polymorphism the
frequency of the rare allele was 0.22 and that was relatively lower than other studies
conducted on different populations (van der Put et al 1998, Weisberg et al 1998, Friedman et
al 1999).

As previously reported, the 677CT genotype did not significantly influence plasma
homocysteine, serum or red cell folate levels (Morita et al 1998) and since there was no
significant difference in plasma homocysteine, folate and vitamin B12 levels between 677CT
and 677CC individuals, they were combined for subsequent analysis. When compared with
677CC/CT individuals, individuals homozygous for the thermolabile variant had 15% higher
plasma homocysteine levels. This difference was marginally non significant. Several previous
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studies have reported significantly elevated plasma homocysteine levels in 677TT
individuals, and while the magnitude of difference varies between publications, levels of
between 1-6 pmol/1 higher have been reported (Kang et al 1988, Kang et al 1991, Kang et al
1993, Jacques et al 1996, Harmon et al 1996, Ma et al 1996, Deloughery et al 1996, van der
Put et al 1998). There is a conflict however in the literature regarding whether this
polymorphism is an independent risk factor for atherosclerosis (Fletser and Kessling 1998).

Overall, there was a negative correlation between plasma homocysteine levels and serum
folate (r2=-0.29 p=0.03) and homocysteine levels and dietary folate (1^= -0.3 p=0.02). With
respect to genotype, serum or plasma folate has frequently been observed to be lower in
individuals homozygous for the 677T allele (van der Put et al 1995, Engbersen et al 1995,
Harmon et al 1996, Deloughery et al 1996, Ma et al 1996, Guttormsen et al 1996) and a
stronger inverse association between plasma homocysteine and folate has been observed in
the same individuals (Deloughery et al 1996, Hopkins et al 1995). The occurrence of elevated
plasma homocysteine levels in 677TT individuals seems to depend on their folate status. If
folate levels were below ‘average’ for the study population, plasma homocysteine was more
likely to be elevated but not if folate status was above average (Verhoef et al 1997, Ma et al
1996, Jacques et al 1996, Harmon et al 1996, Guttormsen et al 1996). This relationship was
also observed in the present study, whereby analysis of plasma homocysteine levels in
individuals below the 50th percentile of serum folate levels revealed a statistically
significantly higher homocysteine level in 677TT individuals (16.5 vs. 11.7pmol/l). No such
difference was observed in individuals with folate levels above the mean, indicating that, as
previously reported, the presence adequate folate intake overcomes any decreased enzyme
activity and maintains low plasma homocysteine levels (Frosst et al 1995).
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There was a strong negative correlation between serum folate and plasma homocysteine
levels in 677TT subjects (as illustrated in figure 5.2). These results indicate that even in the
absence of overt folate deficiency, a low folate status can result in significantly higher
homocysteine levels in 677TT individuals, thus providing further evidence of the
susceptibility of homozygous individuals to low folate status (Jacques et al 1996, Kluijtmans
et al 1996, Guttormsen et al 1996). The present data indicates that homocysteine levels in
677TT individuals are strongly influenced by environmental factors. Serum folate levels
appear to play a critical role in plasma homocysteine homeostasis and variation in intake may
lead to diversity in plasma homocysteine levels.

Serum folate, red cell folate and vitamin B12 levels were not significantly different amongst
different genotypes at recruitment.

Despite the A1298C variant resulting in significantly reduced activity of the MTHFR enzyme
(van der Put et al 1998), no increase in plasma homocysteine or decreased red cell folate and
serum folate was observed in this or other studies (van der Put et al 1998). These results
indicate that this enzymatic abnormality has a lower impact on determining plasma
homocysteine levels. This is in accordance with the findings of Wiesberg et al (1998) and
with the findings based on the British Regional Heart Study as presented in chapter 4.
However van der Put et al (1998) did observe a significant interaction between the C677T
and A1298C mutations. No such interaction was observed in the present study or in the
British Regional Heart Study (chapter 4). A much larger sample size would be required to
determine the full extent of this variant. The C677T polymorphism occurs in exon 4, which is
within the N-terminal catalytic domain of the enzyme, whereas the A1298C polymorphism
occurs in exon 7 which is within the C-terminal regulatory domain. The higher impact of the
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first mutation may be a result of its location within the catalytic domain, whereas the second
polymorphism might affect enzyme regulation possibly through S-adenosyl-methionine, an
allosteric inhibitor of MTHFR, which is known to bind in the C-terminal domain (Rozen
1996).

Folic acid supplementation o f approximately 400 pg/day, either via fortified breakfast cereal
or low dose supplement in tablet form, successfully lowered plasma homocysteine levels in
the same population from New Zealand (Riddell et al 2000). Studies investigating methods to
modify plasma homocysteine levels have generally observed decreased plasma homocysteine
levels with supplementation doses of 400 pg/day or more (Clarke et al 1998a). A
considerable amount of individual variation in response to folate intervention has been
observed. As plasma homocysteine levels are influenced by the C677T variant of MTHFR
(Frosst et al 1995, Jacques et al 1996), it is possible that the presence of this mutation may in
part explain some of the variation in plasma homocysteine levels and response to folate
intervention. Indeed some evidence exists that suggests plasma homocysteine levels may be
lowered to a greater extent in 677TT individuals (Malinow et al 1997, Nelen et al 1998). In
the present study there was some evidence to suggest that 677TT individuals had a greater
change in plasma homocysteine levels during the intervention period after adjusting for the
different diet strategies employed. Although the difference when looking at the overall study
population was not significant, the study may not have had sufficient statistical power to
detect these differences. As baseline plasma homocysteine level appeared to be a strong
determinant of the change in plasma homocysteine, sub-group analysis was conducted on
study participants with plasma homocysteine levels above the group average. Overall,
subjects that received fortified cereals or synthetic folate supplements lowered their
homocysteine levels by 26% whereas subjects in the placebo and diet group (low folate
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group) lowered their homocysteine levels by 9%. When analysis was performed by genotype
and according to folate group, individuals homozygous for the 677T allele in the high folate
group had the best response and lowered their homocysteine levels by 35% compared to a fall
of 11% in the low folate group. In the combined genotype group 677CC/CT individuals
receiving the high folate treatment lowered their homocysteine levels by 25% and those in the
diet-placebo group by 7%. These results clearly indicate that individuals with the
thermolabile variant respond very well to folate treatment and that homocysteine levels can
be effectively reduced.

It has been suggested that subjects with the highest initial homocysteine levels respond best
to lowering therapy by folate (Clarke et al 1998a). In order to test this finding, the study
population was separated into subjects with baseline plasma homocysteine levels above the
mean (11.7pmol/l). 70% of individuals homozygous for the 677T allele, had homocysteine
levels above the mean value, whereas 42% of the 677CC/CT individuals fall in the same
category. Subjects with the 677TT genotype had a significantly greater reduction in plasma
homocysteine levels when compared with 677CC/CT individuals (plasma homocysteine 15.3
to 9.9 pmol/1 compared with 13.7 to 11.2 prnol/1, baseline to week 12). No such difference
was observed in individuals with plasma homocysteine levels below the average. These
results suggest an overall trend towards a greater reduction in plasma homocysteine levels in
677TT individuals.

Previous research (Malinow et al 1997, Nelen et al 1998, den Heijer et al 1998) has produced
similar results. Malinow et al (1997) observed significantly larger decreases in plasma
homocysteine levels in response to folic acid intervention of 1 or 2 mg/day for three weeks in
men and women possessing the 677TT genotype (10-21% compared with 3-7% and 3-13% in
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677CC and 677CT genotypes respectively). Nelen et al (1998) investigated the plasma
homocysteine lowering effect of 0.5 mg of folic acid in women with recurrent miscarriages
and observed a larger decrease in plasma homocysteine levels in 677TT subjects (40%
compared with 26% in individuals with either 677CC or 677CT genotypes), den Heijer et al
(1998) reported that 677TT subjects reduced their homocysteine levels by 49% and that the
lowering effect was much stronger in this genotype.

Overall, these results emphasise the importance of adequate folate levels in 677TT
individuals and provides further evidence that folate intervention can successfully lower
plasma homocysteine levels in these individuals (Kang et al 1987, Malinow et al 1997, Nelen
et al 1998, den Heijer et al 1998).

No published data is available describing the response of plasma homocysteine levels in
individuals with the A1298C variant. No significant differences were observed in the present
study and there appeared to be no evidence of an interaction effect between the two
genotypes with respect to response to intervention therapy.

Although the results of the present study and of other studies indicate that administration of
folate alone, or multivitamin administration (i.e. folate, vitamin B12 and vitamin B6)
effectively lower homocysteine levels, there are no well established guidelines suggesting the
amount of vitamins required in order to produce a satisfactory result. Furthermore there is a
dispute regarding the accuracy and the sensitivity of the present methods used to determine
folate levels since even in apparently healthy volunteers a negative correlation between folate
and homocysteine levels has been observed. (Jacobsen et al 1994, Pancharuniti et al 1994,
Robinson et al 1995, Selhub et al 1993, Ubbink et al 1993).
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Fourteen intervention studies (Boushey et al 1995) showed substantial decreases in average
homocysteine levels after the administration of 650 to lOOOOpg of supplemental folic acid.
Homocysteine concentrations do not seem to reach a plateau phase until folate intakes
approach 400pg per day and serum folate reaches >15pmol/l (Selhub et al 1993).
Furthermore, the existence of the plateau phase is supported by studies (Ubbink et al 1993)
showing that there was no additional lowering effect of homocysteine after six weeks of
treatment with lOOOpg of folic acid, 0.4mg of cobalamin and 12.2mg of pyridoxine when
twice these amounts were given. Other studies have shown significantly lower homocysteine
levels in subjects taking supplements containing folic acid compared with those relying on
diet (Riddell et al 2000). Boushey et al (1995) concluded that a supplement of 400 pg per day
of folic acid is expected to produce an average reduction of homocysteine levels of 5pmol.

Daly et al (1997) tried to address this question with respect to neural tube defects and
screened a group of 323 women. They concluded that 400pg per day of folic acid could be
highly protective but delivery of 200pg per day is also effective and safer for the general
population whereas lOOpg was not optimal. These results further support that once a minimal
level of homocysteine is reached, further administration of folate has no further lowering
effect maybe because an optimal folate status has been reached. However, a higher dose of
folic acid might be required in some individuals. Molloy et al (1997) showed significantly
lower concentrations of red cell folate in women homozygous for the thermolabile variant
and suggested that women at risk of having a baby affected by neural tube defects are
therefore at a disadvantage and may have additional requirement for folate.
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The level of serum folate is often used as a measure of folate status and as a surrogate
measure of dietary intake. Given the analytical difficulties in determining folate levels in
food, the consequential limitations of folate data in food composition data bases and the
variation in bioavailability of folate in different foods, the correlation between total dietary
folate and serum folate observed here and in other studies, (o’Keefe et al 1995) almost
certainly represent an underestimate of the association. These findings confirm the early
depletion/repletion studies of Sauberlich et al (1987) which suggested rapid responses in
blood folate to large changes in dietary folate. Red cell folate levels on the other hand are
much slower to respond and are a reflection of longer term intake. It is also more difficult and
costly to measure and the coefficient of variation is relatively large. Thus serum folate seems
most appropriate as a means of measuring change in dietary intake of folate and the likely
clinical consequences but even though there is a concern that accurate determination of folate
status is not provided by measurements of the serum level (Green 1995).

There is a series of events with respect to folate deficiency. To begin with, there is a negative
vitamin balance that results in a decrease of body vitamin stores and a decrease in serum
folate and red cell folate (Hoffbrand and Herbert 1999). The result of that biochemical
vitamin deficiency is raised homocysteine. Under prolonged periods of folate deficiency,
depletion of the body vitamin stores occur and eventually structural and morphological
changes occur, resulting in macrocytosis, anemia and maybe forms of cancer (Green and
Miller 1999, Scheppach et al 1999, Fowler et al 1998, Smith et al 1991).

The use of basal serum metabolite concentrations in assessing vitamin nutritional status has
been supported by research of Stabler et al (1988) and Allen et al (1990). They showed that
homocysteine accumulates in the circulation if its remethylation to methionine is impaired by
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folate or vitamin B12 (cobalamin) deficiency, whereas methylmalonic acid (MMA)
accumulates when cobalamin deficiency impairs the enzymatic conversion of Lmethylmalonyl-CoA to succinyl-CoA. Similarly the transsulphuration pathway functions
suboptimally during vitamin B6 deficiency with accumulation of cystathionine in the
circulation. Determination of these metabolites in serum to diagnose folate, cobalamin and
vitamin B6 deficiencies is gaining acceptance in nutritional science (Carmel et al 1999).

Plasma homocysteine levels increase markedly within hours after administration of
methotrexate (depletes folate metabolism) (Refsum et al 1989, 1991) indicating the
responsiveness of homocysteine to folate. Measurements of serum folate cannot discriminate
between an inadequate folate intake and chronic folate deficiency associated with tissue
folate depletion (Bailey et al 1990) and levels of serum and erythrocyte folate have been
reported normal in patients with alcoholism and megaloblastic anemia (Savage and
Linbenbaum 1986). Therefore combined measurements of folate, total homocysteine and
MMA provide better information in diagnosis of folate deficiencies.

Multiple regression analysis was used to determine the variance of homocysteine
concentration contributed to genetic and environmental factors. In total, 52% of the change
could be explained, 6% of which was due to the presence of either mutant allele. Neither
variant however significantly influenced the levels of plasma homocysteine at recruitment
and only 10% of the initial variance could be explained. In a much larger study, Gudnason et
al (1998) observed that as much as 12% of the variance of individual plasma homocysteine
levels could be explained by the presence of the rare T allele at nucleotide 677. In the same
study the authors observed that only 0.7% of the variance was explained by lifestyle and
environmental factors such as smoking, alcohol consumption and systolic blood pressure. In
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the US Physicians cohort, Ma et al (1996) reported that the 677TT genotype was an
important determinant o f plasma homocysteine levels in younger men (<60 years) but was
not such a strong predictor in men over the age of 60 years, although no data were presented
detailing the amount of variance that could be explained. However in both age groups the
strongest predictor of plasma homocysteine levels was plasma folate. Thus in 677TT
individuals as well as 677CC and 677CT individuals, plasma homocysteine appears to be
strongly determined by environmental factors. Folate intake appears to play a pivotal role in
determining plasma homocysteine levels and variation in folate intake could account for the
considerable diversity in plasma homocysteine levels.

Age, sex, genetic variants and environmental factors explain about half of the change of the
variance observed in homocysteine levels. These results further suggest that other variables
such as variants of cystathionine beta synthase gene, which was not determined in the present
study, or as yet unidentified genetic and/or lifestyle factors must exist which can explain the
heterogeneity in plasma homocysteine levels and response to intervention. It would be of
particular interest to study the promoter region of the MTHFR gene and detect whether
variants occur in that region play an important role the heterogeneity in plasma homocysteine
levels.

When both variants were combined, 90% of the study population possessed at least one rare
allele, which, if representative of the general population, would have considerable impact on
plasma homocysteine levels. Currently there is conflicting evidence regarding the role of the
677TT genotype in the aetiology of vascular disease. Several researchers have observed an
increased prevalence of 677TT individuals in-patients with vascular complications compared
with healthy controls (Kang et al 1988, 1991, 1993, Engbersen et al 1995, Kluijtmans et al
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1996, Gallagher et al 1996, Malinow et al 1997, Ou et al 1998). However, not all researchers
have observed an increased prevalence of the mutation in patients with vascular disease
(Wilcken et al 1996, Deloughery et al 1996, van Bockxmeer et al 1997, Brugada et al 1997)
nor any increase in risk in homozygote individuals (Ma et al 1996, Schmitz et al 1996,
Verhoef et al 1997, Abbate.ef al 1998) and to date there is no information regarding disease
risk associated with the A1298C polymorphism. If these two variants combine to increase the
risk of vascular disease then the prevalence observed in the present study would have
important implications for disease risk and an adequate folate intake would assume increased
importance in maintaining low plasma homocysteine levels in subjects carrying these
mutations.

When taken as a whole the results of the present study clearly indicate that although the
presence of variants in MTHFR genotypes may influence plasma homocysteine levels and
response to change, the strongest determinant remains the initial level of serum folate and the
change in serum folate brought about by increased folic acid intake. It is also apparent that in
677TT individuals low intake of dietary folate and subsequent low serum folate levels will
result in elevated plasma homocysteine levels. However low dose folate intervention will
effectively lower plasma homocysteine levels in these individuals and possibly lower
cardiovascular disease risk. Increased folate consumption either via fortified cereals or
supplements in tablet form, is an effective intervention strategy for all individuals with raised
plasma homocysteine levels. As serum folate was the factor most associated with change in
plasma homocysteine levels, any intervention strategies that can significantly improve folate
levels would probably result in a significant reduction in cardiovascular disease risk. In order
to draw conclusive results large long-term prospective studies are required.
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Chapter 6: Isolation of putative MTHFR promoter sequence, identification of
polymorphism and association with homocysteine levels

Summary

A human genomic library was constructed and used to identify a 1129 base sequence
upstream of exon 1 of the MTHFR gene. The sequence contained none of the elements
traditionally present in a promoter region. This region was amplified as six continuous PCR
products, which were analyzed by the Single Strand Conformation Polymorphism method. A
single base change (G—>A) was identified at position -688 relative to the ATG start codon of
exon 1. Four hundred eighteen individuals from the Nortwich Park Heart Study II were
genotyped for this polymorphism and the frequency o f the rare allele A was 0.15 (95% Cl
0.13-0.18). No significant association was detected with respect to homocysteine, folate or
B12 levels and no interactions with the C677T polymorphism on the same gene or with the
68-bp insertion on the CBS gene and the A1275G polymorphism on the MS gene were found.
This polymorphism does not have any profound effect on homocysteine regulation.
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6.1: Introduction

The gene structure of human methylenetetrahydrofolate reductase (MTHFR) has been
reported by Goyette et al (1998). The gene contains 11 exons. Exon 1, contains the ATG start
site and exon 11 contains the termination codon. Fourteen rare mutations have been identified
in the MTHFR gene of homocystinuric patients with severe MTHFR deficiency (Goyette et
al 1994, 1995, 1996). Two common polymorphisms have also been identified.

One converts an alanine codon to valine (A222V) (Frosst et al 1995). This common
polymorphism is present approximately 10% in countries across Europe (Gudnason et al
1998) and encodes the thermolabile variant that predisposes to mild hyperhomocysteinaemia
especially when folate status is low (Frosst et al 1995, Jacques et al 1996). This geneticnutrient interaction is believed to be a risk factor for atherosclerosis (Rozen 1997) and neural
tube defects (van der Put et al 1995, Whitehead et al 1995). The second polymorphism was
identified by van der Put et al (1998) a 1298A-C mutation resulted in the change of glutamate
into an alanine residue.

In the NPHSII study (see chapter 3) the C677T polymorphism explained 1.5% of the variance
in homocysteine levels (p<0.001) and in the BRHS study (see chapter 4) the same
polymorphism explained about 2% of the variance whereas in the New Zealand study (see
chapter 5) the presence of either of the two rare alleles (i.e. 677T and 1298C) had very little
effect on homocysteine levels. In a study of young healthy individuals, Gudnason et al (1998)
reported that the presence of the 677T allele explains about 12% of homocysteine variance.
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Even when environmental factors such as folate and B12 and factors such as age and gender
were taken into account, a small portion of the variance in homocysteine levels could be
explained (see chapter 3, 4, 5). Therefore, it could be argued that there are other unidentified
polymorphisms in the genes involved in homocysteine regulation that account for the
remaining variance.

The importance o f the MTHFR gene in homocysteine regulation is well established and as
discussed, polymorphisms in the coding region are associated with variability in
homocysteine levels. However, non-coding regulatory region of genes can also be
polymorphic.

The highest concentration of known regulatory sequences occurs immediately upstream (5’)
of the transcription start site of a gene in the promoter. It is here that RNA polymerases must
bind to initiate transcription of DNA. Generally RNA polymerase II promoters contain a
consensus sequence about 25 bp upstream of the transcription start site, containing the motif
TATA. It is here that the polymerase and transcription factors bind. Other sequences
upstream of the TATA box, such as the CCAAT or CC boxes bind other transcription factors
and help to determine the tissue and the level specificity of gene expression. Promoter
sequences can be highly polymorphic e.g. the Major Histocompatibility Complexes, which
maintain diversity of response to disease within populations.

Promoters and regulatory sequences can be isolated by walking upstream from known gene
coding sequence. A new PCR based gene walking method and described in section 2.9 allows
sequence of a few kb to be isolated quickly by PCR without the need for the time consuming
construction o f plasmid based libraries.
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This is an improved PCR method for walking in genomic DNA and was described by Siebert
et al (1995). The adaptor ligation method combines ‘vectorette PCR’ with ‘suppression
PCR’. The ‘vectorette’ feature of the adaptor is the presence of an amine group on the 3’ end
of the lower strand. This block polymerase catalyzed extension of the lower adaptor strand,
therefore preventing the generation of the primer-binding site unless a defined, distal, genespecific primer extends a DNA strand opposite the upper strand of the adaptor. The
‘suppression PCR’ uses an adaptor primer that is shorter in length the adaptor and is capable
of hybridizing to the outer primer-binding site. If any PCR products are generated which
contain double-stranded adaptor sequences at both ends (due to non-specific DNA synthesis),
the ends of the individual DNA strands will form ‘panhandle’ structures following every
denaturation step, due to the presence on inverted terminal repeats. These structures are more
stable than the primer-template hybrid and therefore will suppress exponential amplification.
But when a distal gene-specific primer extends a DNA strand through the adaptor, the
extension product will contain the adaptor sequence only on one end and therefore can not
form the ‘panhandle’ structure. In this way PCR amplification can then proceed normally.
Figure 6.1 shows the sequences of the walking adaptor and of the adaptor primers and figure
6.2 shows the suppression PCR effect (both figures 1 and 2 were adapted from Siebert et al
(1995). The adaptor also contains two rare restriction enzyme sites, Notl and Smal to allow
cloning into commonly used vectors.
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Sm a I

t N ot I

Adaptor

A P1

5, CTA ATA CGA CTC ACT ATA GCG CTC GAG CGG CCG CCC GGG CAG GT
3’
5’CGATC CTA ATA CGA CTC ACT ATA GCG C3’

AP2

3 ’HN-CCC GTC CA-P5’

5 ’ATA GCG CTC GAG CGG C 3 ’

Figure 6.1: The sequences o f the walking

adaptor and o f the adaptor prim ers

DNA strands

DNA synthesis

No primer binding
panhandle structure
suppresses PCR

Figure 6.2:The suppression PCR effect. Structure of PCR products formed by non-specific
amplification. The sequences on the ends of the products contain inverted terminal repeats
and will form ‘panhandle’ structures which suppress PCR

A general m ethod for joining DNA molecules makes use o f the annealing o f com plem entary
hom opolym er sequences. Thus by adding oligo(dA) sequences to the 3 ’ ends o f one
population o f DNA molecules and oligo(dT) blocks to the 3 ’ ends o f another population, the
two types o f m olecules can anneal to form mixed dimeric circles. E. coli and phage T4
encode an enzym e DNA ligase that seals single stranded nicks between adjacent nucleotides
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in a duplex DNA chain (Olivera et al 1968, Gumport et al 1971). The T4 enzyme requires
ATP as a cofactor. The cofactor is split and forms an enzyme-AMP complex. The complex
binds to the nick, which must expose a 5’-phosphate and 3’-hydroxy group and makes a
covalent bond in the phosphodiester chain.

The promoter sequence of the MTHFR gene has not been identified. The described genomic
walking method was used to amplify 1.1 kb of genomic DNA upstream of the ATG start
codon. This region was screened for polymorphisms and association of polymorphisms with
homocysteine levels were determined.
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6.2 Materials and Methods

6.2.1 Generation of genomic library
Genomic DNA from randomly selected subjects from the used Northwick Park Heart Study
II was quantified using a spectrophotometer according to the formula:

[DNA] = A260 X 50 X (dilution factor) =

fig/ml.

Then, 2.5pg of DNA was digested using one of the following enzymes:
Sea I, Pvu II, EcoR V, Dra I, Ssp I, EcoR I, Xho I, Bam HI, Hind III and Bgl II. Gel
electrophoresis was performed (1% agarose as described in section 2.4.1) to ensure complete
digestion of the sample. DNA was purified (by precipitation as described in section 2..9.2)
and ligated into the adaptor. 10fig of DNA ligated to an excess of adaptor using T4 ligase
(Promega UK Ltd).

6.2.2 Preparation of the adaptor stock
As described in section 2.9.3 Adaptors were prepared by mixing equal molar amounts of
primers adaptor primer 1 and adaptor primer 2, heating to 40°C and allow to anneal by
cooling to 20°C.

6.2.3 Nested PCR
Conditions as described in section 2.9.5. Two rounds of PCR were used to amplify DNA
genomic libraries. The first round of PCR used primer API (adaptor) and either P310 or P314
(present within exon 1 of the MTHFR gene). The second PCR used primers AP2 (adaptor)
and either P65 or P I 36 (present in exon 1). For the nested PCR the TaqPlus Precision PCR
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system (Stratagene UK) was used. The relative position o f the prim ers within exon 1 is
shown in figure 6.3

E xonl

5’

GGGTGTGGCTGCCTGCCCCCTGATGCTCCCTGCCCCACCCTGTGCAGTAGGAACCCAGCC
ATGGpUAACGAAGCCAGAGGAAACAGCAG||CCTCAACCCCTGCTTGGAGGGCAGTGCCAC
AGTGGCAGTGAGAGCT|CCAAAGATAGTTCGAGATGTTCCACCCCGG||GCCTGGACCCTGAG
CGGCATGAGAGACTCCGGGAGAAGATGAGGCGGCGATTGGAATCTGGTGACAAGTGGTC
TCCCTGGAATTCTTCCCTCCTCGAACTGCTGAGGGAGCTGTCAATCTCATCTCAAGGTAA
ACTCATGCAA|GGTTAAGGTGA~GAGGCGGGAGTGG1GG,1GC|CTGGGG
3’

Figure 6.3: Sequence o f exon 1 and position o f primers used.
Note: The first block within exon 1, starting from the 5 ’ end, represents prim er P65, the
second block prim er PI 36, the third block prim er P310 and shadowed region within prim er
P310 is prim er P314. All prim ers described are antisense.

6.2.3.1 Purification of PCR fragment
As described in section 2.7.1. DNA fragments were purified either from excised gel
fragments or directly form PCR products.

6.2.4 Cloning into pGEM-T vector
As described in section 2.10, 2.10.1 and 2.10.2. A circle map o f the vector used is presented
in the appendix.

This vector contains multiple restriction sites within the m ultiple cloning sequence. These
restriction sites allow for the release o f the insert by double digestion with appropriate
restriction enzymes. The multiple cloning sequence o f the pG EM -T vector is presented in the
appendix. The DNA was ligated into the vector and recom binant plasm ids were isolated,
characterised and sequenced.
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6.2.4.1 Preparation of competent cells
As described in section 2.10.3

6.2.4.2 Preparation of LB plates with ampicillin/IPTG/X-Gal
As described in section 2.10.5

6.2.4.3 Transformation of ligation reactions using the pGEM-T vector, isolation of
recombinant plasmid, elution of recombinant plasmid and confirmation of the presence
of transformants
As described in sections 2.10.6, 2.10.7, 2.10.8 and 2.10.9.

6.2.5 Sequencing of recombinant plasmid.
In general the sequencing process was described in section 2.7. The primers used for
sequencing were pUC/M13 Forward sequencing primer and pUC/M13 Reverse sequencing
primer and their sequence is given in section 2.7.3. The sequencing protocol was described in
section 2.8-2.8.4

6.2.6 Single Strand Conformation Polymorphism (SSCP) analysis
Six sets of primers were designed in order to generate overlapping fragments in the newly
identified sequence. The primer sequence was given in section 2.2.3. The PCR conditions for
those fragments were described in section 2.2.8. SSCP analysis was performed using
different conditions, as described in sections 2.6-2.6.5.
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6.2.7 Identification of novel polymorphism and sequencing of the fragment
A novel polymorphism was detected in fragment C and the fragment was sequenced using
primers as described in table 2.2
Forward-* AT GAATT CAGG AG AAATCTGGC
Reverse-*CGACAAAGGAAGAGGCTTGA

6.2.7.1 Creation of restriction site
The mutation on Fragment C created a restriction site for enzyme Alw44I. The recognition
site for the enzyme is G/TGCAC (Promega UK Ltd.).

6.2.7.2 Amplification of fragment C
As described in section 2.2.8.

6.2.7.3 Alw44I digestion of the Fragment C
Fragment C was subjected to restriction enzyme analysis by digestion with 2.5U of Alw44I
(Promega UK Ltd) restriction endonuclease/8pl of the PCR sample at 37°C overnight, in the
buffer recommended by the manufacturer. The samples were then electrophoresed as
described in section 2.4.2.

6.2.8 Population sample
Subjects from the Northwick Park Heart Study II (NPHSII) were genotyped for this
polymorphism. Details of the population were as described in section 2.11.1.
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6.3 RESULTS

6.3.1 Construction of genomic library
Genomic DNA was digested in separate reactions with ten restriction enzymes. Complete
digestion was confirm ed by gel electrophoresis, giving a continuous smear o f DNA and little
or no DNA remaining at the top o f the gel. Results o f digestion are presented in figures 6.4
and 6.5. The selection o f the enzym es was arbitrary; Sea I, Pvu II, EcoR V, Dra I and Ssp I
are rare cutters and give DNA fragments o f a suitable size for PCR amplification. They also
generate blunt ends making ligation o f adaptor easier. The other enzym es used, EcoR I, Xho

I, Bam HI, Hind III and Bgl II were chosen because they are reasonably com m on cutters and
cheap and therefore readily available at the high concentrations needed for genomic DNA
digestion.

Sea I

Pvu II

EcoR V

Dra I

Figure 6.4: Digest o f genom ic DNA with enzymes Sea I, Pvu II, EcoR V and Dra I
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Ssp I

EcoR I Xho I Bam H I Hind III Bgl II

Figure 6.5: Digest o f genom ic DNA with enzymes Ssp I, EcoR I, Xho I, Bam HI, Hind III and

Bgl II

6.3.2 Nested PCR
Nested PRC reactions identified potential DNA fragments for chrom osom e walking. A
com bination o f prim ers were used to generate those fragments. The com bination o f primers
used is presented in table 6.1

Table 6.1: Com bination o f primers used for nested PCR
COM BINATION

1st r e a c t i o n

2Nu REACTION

‘ 1’

AP1-P310

AP2-P65

‘2 ’

AP1-P310

AP2-P136

‘3 ’

AP1-P314

AP2-P65

‘4 ’

AP1-P314

A P2-P136

Therefore from figures 6.6a and 6.6b, it was deduced that digest with Sea I, and PCR reaction
with com bination o f prim ers ‘2 ’, as from table 6.1, gave the longest fragm ent o f about 500
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bases. As it can be seen from the same figure and for the same enzym e and conditions, two
more bands were present on the gel, on about 300 bases and another one about 200 bases.
Therefore the 500 bases band had to be excised from the gel, purified and later sequenced.
All enzym es used in this experim ent provided fragments o f different lengths that theoretically
could be used as a starting point for the chrom osom e walking.

250 bp

4 P vu II\
Figure 6.6a: Results o f nested PCR using enzym es S c a ll and PvuII and com bination o f
primers 1 ,2 ,3 and 4

220 bp
EcoRV

1

4 Dral 1

Figure 6.6b: Results o f nested PCR using enzym es EcoRV and Dral and combination o f
primers 1,2,3 and 4.
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However, as more sequence was required for analysis, the num ber o f libraries was expanded
and enzymes. Ssp I, EcoR I, Xho I, Bam HI, Hind III and Bgl II were used to generate new
libraries. For this set o f experiments only primers P310 and P I 36 w ere used since they were
longer than P314 and P65 and therefore bind DNA with higher affinity, increasing the
specificity o f the PCR reaction. A fragment o f about 1200bases (as sized from the gel) was
generated from library Sspl. Results presented in figure 6.7.

Figure 6.7: Results o f nested PCR using enzymes Sspl, EcoRI, Xho I, Bam HI, Hind III and

Bgl II and primers AP1-P310, AP2-P136

6.3.3 Results of the cloning experiments

6.3.3.1 Transform ation efficiency and production of colonies.
As described previously (see section 2.10.6) lOOpl and 500pl o f each transform ation culture
was plated onto antibiotic plates. The fragments used for transform ation were the 1200 base
fragment and the 500 base fragment. Six plates were used for each fragment, three containing
lOOpl o f the transform ation culture and three containing 500pl o f the transform ation culture.
Three more plates were also used, one being the positive control (no PCR product present),
the second being the background control (no PCR product and no Control insert DNA) and
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the third being the standard reaction control (no control insert DNA). The results of the
experiment were as shown in table

6 .2

Table 6.2: Results o f the transformation reaction
Plate content
base fragment
base fragment
1 2 0 0 base fragment
500 base fragment
500 base fragment
500 base fragment
Positive control
Background control
Standard reaction control
1200
1200

Number of colonies 1OOpl of
the transformation culture.
3 blue 2 white
5 blue 1 white
2 blue 1 white
1 blue
3 blue
3 blue 2 white
2 blue 5 white
3 blue
Empty

Number of colonies 500pl of
the transformation culture.
19 blue 6 white
17 blue 2 white
1 1 blue 2 white
4 blue 4 white
18 blue 8 white
24 blue 12 white
8 blue 23 white
5 blue
Empty

Successful cloning of an insert in the vector interrupts the coding sequence of pgalactosidase. Recombinant clones can be identified by color screening on indicator plates.
Clones that contain PCR products, in most cases produce white colonies but blue colonies
can result from PCR fragments that are cloned in-frame with the lacZ gene. As from table 6.2
several recombinant clones were obtained (white colonies).

Fourteen white colonies that contained the 1200 base long fragments were picked from the
plate with a sterile needle and cultured in LB. Further 26 white colonies that contained the
500 base long fragment were cultured in LB. After overnight incubation, the recombinant
plasmids were purified and digested with enzymes Sac II and Spe I to confirm the presence of
the fragments of interest. Figure

6 .8

shows a successful digest of a recombinant plasmid.
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Insert 1200bp

Figure 6.8: Double digest o f the plasm id using enzymes Sac II and Spe I.

6.3.4 Results of the sequencing of the recom binant plasmid
The recom binant plasm id was sequenced using pUC/M 13 Forward sequencing prim er and
pU C/M 13 Reverse sequencing primer. Several clones were sequenced and a consensus
sequence was generated. The com plete sequence was identified and it w as a fragment o f 1129
bases long, just upstream o f exon 1 o f the M TH FR gene. The presence o f the exon 1 was
confirm ed since sequence obtained from different clones contained part o f the 5 ’ end o f exon
1. The com plete sequence o f the fragment was as shown in figure 6.9. The fragment had a
44.72% AT content and a 53.84% CG content. The sequence was analyzed using the
following software program s for the presence o f prom oter elements.
1. 70% Eukaryotic Prom oter Database, EPD Eukaryotic Prom oter Database. EPD is a
database developed and maintained by m embers o f the B ioinform atics Group o f the
ISREC (Swiss Institute for Experimental Cancer Research), a founding m em ber o f the
SIB (Swiss Institute for Bioinformatics), http://w w w .epd.isb-sib.ch/
2. 68% Prom oter Scan Genetic Sequence Analysis Software. PRO M O TER SCAN is
designed to find putative eukaryotic Pol II prom oter sequences in prim ary sequence data.
http://biosci.cbs.um n.edu/softw are/proscan.htm l
3. 68% PRO M O TER SCAN, http://w w w .cbs.um n.edu/softw are/proscan/licenseinfo.htm
4. 66% G enom atix Software GmbH - Genomatix Software GmbH is a scientific software
that provides tools and know-how for the bioinform atics o f functional genomics,
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especially

analysis

of

regulatory

sequences

(promoters,

enhancers,).

http://genomatix.gsf.de/
Using the above software programs no elements traditionally present in promoter sequences
were detected and therefore there is no evidence to indicate that this region is the promoter of
the MTHFR gene.
TTTTTATATTTTTAGTAGAGTCGGGATTTCACCATGTTGGCCAGGCTGGTCTCAAACTCCTG
GCCTCAGGTGATCCACCCACCTCGGCCTCCCAAAGTGCTGGGATTACAGGTGTGTTTTTTGT
T T T T T T A a GAGATGGAGTCTCGCTATGTTGCCCAGGCTGGCCTTGAACTCCTGGGCTCAGGC

AATCCTTCTGCCTCAGCCTTCCCAGTAGCTGGGTCACTGTGATGATTTGAATTGAATTCTGT
GATGTGTAATAAGATCATCCTGCAATGCAAGCACAGATGGGGCAGCTTTTGAACACCTTTTG
GTCTGAGAAATTCGTGCCCTTACTGAACTTGGGTCTGGCTATTTTTGGAACATGGCCAGCAT
CAAGTTCTAACCCACAACACGGTCTTTTTGGAGTAGCATGAATTCAGGAGAAATCTGGCTGC
ATAGTCAAGCCCTCACCCCTTCCATCCTGTGCACGAACTGTTTCAAGTAACAGATGTTCCAG
GCAGAGCCAGCCAGAGTGAGCTGTTCCTTCTCTGGAGGGTGATCTGGTATCCCTGAACGCCT
GTTGGCCTCATCTCCACCAACCCCTGCAGTCTCTGCCCCTGAGTCCCCCTCCTTCCATCCGC
CTCCCCTTACTAGAGCCTCAGCCCTCCCTCCTCGCCTGGAAGCCTTGCCCCCGCCCCCTTGT
GCTGGCTGGAGCTCAAGCCTC'TTCCTTTGTCGCAGCTCCGCCAGTTGAACACACCCGCTGGG
GAAGGTGCCTCTGTTCCTCCCCACGCACTCTGGGCCTGAGCTGACAGAGATGGACCATCGAA
AAGCCAGGGTCCTTCCAGCTGGGCACTACTGCCCTCGCTAGGAATATGGGCCTCGCAGGTCG
GCAGCGTGAGGTCTCTGTGCCACCTTCATAAGGTAGCTGTAACCGAGGAGCATGTTGCAATG
CCCGGTGGGGGCTGTCTTTCATGCAAGGAGCCTGGCAGCAGCGGAGGGCAAGGCTTTTAAGT
GAGGCGGGCCGGACAGCCATAGCTGAGGAGCATGGAGCCACTGGGAGGGGGCAGTGTCACCT
TTTTTGGCCTTCTTCCTGTGTGGAAATACAGCGCCTCCGGCTTGAACCTGCCACTCAGGTGT
CTTGATGTGTCGG—» 5 ' o f

exon

GGGTGTGGCTGCCTGCCCCCTGATG

Figure 6.9: Complete sequence of the 1129 base long fragment identified

6.3.5 Results from the Single Strand Conformation Polymorphism (SSCP) analysis
SSCP is a commonly used method for detection of unknown mutations mainly because it is
relatively simple to use and has the potential for mutation detection in a large number of
samples. It has been an established technique for many years to separate the two strands of a
duplex by non-denaturing electrophoresis (Maniatis et al 1982). But the idea and
demonstration that non-denaturing electrophoresis would resolve single nucleotide
polymorphisms in either of the two strands of a duplex is much more recent (Orita et al
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1989). Under non-denaturing conditions a single strand of DNA will adopt a confirmation
(maybe dependent upon internal base-pairing between short segments by foldback) which is
dependent entirely upon its sequence composition. This conformation will usually be
different if even a single base is changed. SSCP is a method that can identify a large
proportion of sequence variation in a single strand of DNA, typically between 150-250
nucleotides in length (Hayashi et al 1991, Sheffield et al 1993). Most confirmations seem to
alter the physical configuration or size enough to be detectable as a mobility difference upon
electrophoresis through a matrix such as acrylamide gel. The ability to detect differences in
the migration pattern is reduced in fragments longer than 300-400 bases.

Six sets of primers were designed to cover the complete region of the new fragment and to
create overlapping fragments within the sequence. The position of primers within the
fragment were as shown in figure 6.10. On the sense strand primers starting from position 1
of the fragment were A l, corresponding to fragment A, then B1 corresponding to fragment B
and in the same way the position of primers C l, D l, El and Z1 corresponding to respective
fragments C, D, E and Z were marked on the sequence. On the antisense strand primer A2 at
position 213 corresponds to fragment A and the rest of the antisense primers have been
marked in the same way.
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ACCTCGGCCT CCCAMGTGC T G G S A m C A CJGTGTGTTTT TTSTTTTTTT AAGAfiATGGA GTCTCGCTAT GTTGCCCftHG
TGGAGCGGGA GGGTTTCACG ACCCTAATCT CCAGACAAAA AACftflAAAAA TTCICTACCT CAGAGCGATA CAACGGGTCC

CTGGCCTTGA ACTCCKGGGC TCAGGCAATC CTTlT G C lT C AGCCTTCCCA GTAGCTGGGT CACTGTGATG ATTTGAATTG
GACCGGAACT TGAGGACCCG AGTCCGT?AG SAAGACGGAG TCGGAAGGGT CSfrcCACCCA GTGACACTAC TASlACTTAAC

ft

AATfCTGTGA TGTGTAATAA GATCATCCTG CAATGGAAGC ACAGATGGGG CAGCTTTTGA ACACCTTTTG GTCTGAGAAR
TTAAGACACI ACACATTATT CTAGTftGGAC GTTACGTTCG TGTCTACCCC GTCGAAAACT TGTGGAAAAC CftGACTCTTT

TTCGTGCCCT TACTGAACTT GGGTCTGGCT jWTTTTGGAA CATSGCCAGC ATCAAGTTCT AACCGACAAC ACGGTCTTTT
AAGCACGGGA ATGACTTGAA CCCASACCGA T A M M C C T T GTACCGGTCG 7 AGTTCAAGA TTGGGTGTTG TGCCAGAAAA
II TGGAGTAGCjA IGAATTCAGG Al-AAATCTGS C p GCATA G IC M GCCCTCAC CCCHTCCATC CTGTGCACGA ACT 3TTTCAA
ACCTCATCGT ACTTAAGTCC TCTTTAGACC GACGTAITCAjG t t c g g g a g t c - g g g M g g t a g g a c a c g t g c t t g a c a a a g t t

)1

GTAACAGATG TTCCAGGCAG AGCCAGCCAG AGTGAGCTGT TCCTTCTCTG GAGGGTGATC TQSTATCCCT GAACGCCTGT
CATTGTCTAC AAGGTCCGTC TCGGTCCGTC TCAGTCGACA AGSAAGAGAC CTCCCACTAG ACCATAGCGA CTTQCGGACA

11

TGGCCTCATC TCCACCAACC CCTSCAGTCl CTGCCCCTGA GTCCCCCTCC TTCCATCCGC € T C C e H TT£l: TAGAGCCTUT
ACCGCAGTAG AGGTGGTTGG GGACGTCAGA GACG3GGACT CAGGGGGAGG MGGTAGGCG GAGGGGAATG ATCTCGGAGG

II |G C C C T C qcrC CrCGCCrGGA AGCCTTGCCC CCGCCCCCTT GTGCTGGCTG GAGCTCAAGC CTCTTCCTTT GTOGCAGCTC
I
CGGGAGGCAG GAGCGGACCT TCGGAAXJGGG GGCGGGGGAA CACCACC 3AC CTCGk r T C G GftflRAGGAAA CAGCPTCGAG

II

OGCCAGTTGA ACACACCCGC TGGGGAAGST GCCTCTGTTC CTCCCCACGC [ACTCfGGGCC TGAGCTGACa]GAGATCGACC
GCGGTCAACT TGTGTGGGCG ACCCCTTCCA CGGAGACAAG GAGGGGTGCG TGAGACCCGG ACTCGACVGT CTCTACCTG 3

;

ATOGAAAAGC CAGGGTCCTT CCAGCTG 3GC ACfACTGCCC TOGCTAGGAA TATGGGCCTC GCAG6 TCSGC AGCGTGAGGT
TAKT.’TTTCG GTCCCASGAA GGTCGACCCfc TGATGACGGG AfAIGATCCTT] ATACCCGGAG CGTCCAGCCG TCGCACTCCA

c<rCTGTGCCA CCTTCATAAG GTAGCTGTAA CCGAGGAGCA TGTTGCAATG CCCGSTGGGG GCTGTCTTTC ATGCAAGGAG

6 AGACACGST

GGM QTATTC CATCGACATT GGC7 CCTCGT ACAACGTTAC G 6 GCCACCCC CGACAGAMG TACGTTCCTC

?1

CCTGGCAGCA GCGGAGGGCA AGGCTTTTAA GTGAGGCGGG CCGGACA6 CC IatAGCTGAGG AGCATGGAOC CACTGGGAGG
GGACOGTCG7 CGCCTCCCGT TCCGAAAATT CACTCCGCCC G6 CCTGTCG 6 TATCGAC 7 CC TCGTACCTCG GTGACCCTGC
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GGGCAGTGTC ftCCTTTTTTG GCC’H ’CTTCC TGTGTGGAM TACAGCGCCT C3CGGCTTGAA CCTGCCAC7 C AQGTGTCTTG
CCCGICACAG TGGAAAAAAC CGGAAGAAGG ACACACCTTT ATGTCGCGGA GGCCGAACTT GGACGGTGAG TCCACA^AAC

IM ATGTGTCGG
llACACACCCl E xon 1

Figure 6.10: Complete sequence o f the fragment identified and position o f primers
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A potential polym orphism was identified in fragment C only. No difference was detected by
using different SSCP conditions. Forty-eight samples were loaded onto every gel. O f the 48
samples analyzed for the presence o f polym orphism s in fragment C, 7 produced a
heterozygote pattern and 1 produced a homozygote pattern (rare). Results o f the SSCP are
presented in figure 6.11.

W ild type

Heterozygous type

M utant type

Figure 6.11: SSCP analysis o f the C fragment.
Note: Sixteen samples are presented here and arrows indicate a wild type, heterozygote and
mutant type sample.

6.3.6 Results of the sequencing reaction.
Five samples that produced a homozygote wild type pattern, five samples that produced a
heterozygote type pattern and the one sample that gave a hom ozygote m utant type pattern
were sequenced with prim ers for fragment C. Sequencing confirm ed a single base change
(G -»A ) at position -6 8 8 relative to the ATG start codon. Figure 6.12 shows the sequence o f
fragment C, the position o f primers and the shaded box illustrates the position o f the base
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change. The results of the sequencing of a wild type sample and mutant sample are as shown
in figure 6.13a and 6.13b.

&TGMTTCAG GAfiRAATCTg GCTGCftTAGT CAAGCCCTCA CCCCTTCCAT CCIGTGCACG AACTGTTTCA AGTAACAGAT
TAGPTMGTC CTCTfTAGAC CGACGTATCA GTTCGGGAGT GGGGAA3GTA GGACACGTGC TTGACAAAGT fCATTGTCTA
GTTCGAGGCft GAGCCAGCCA, GSGSGAGCTG I'TCCTTCTCT GGAGGGTGAT CTGSTATCCC TGAACSCCTG TrGGCCTCAT
CAAGGTCCGT CXCGGTCGGT CTCACKGAC MGGMGAGA CCTCCCACTA GACCATAGGG ACTTGCGGAC ARCCGGAGTA
CTCCAGCAAC CCCTGCAGTC TCTGCCCCTG AGTGCCCCTC CTTCCftTCCG CCTCCCCTTA CTAGAGCCTC AGCCCTCCCT
GAGGTGGTTG GGGACGTCAC AGACGGGGAC TCAGGGGGAG GAAGGTAGGC GGAGGGGAAT GATCTCGGAG XCGGGACGG&
CCTCGCCTGG MGCCITGCC CCCGCCCCCT TGTGCTGGCT GGAGCTCAAG CCTCTTCCTT TGTCG
GGAGCGGACC TXCGGAACGG GGGCGGGGGA ACACGACCGA CCTCGAGTTC G6AGAA&GAA ACAGCI
Figure 6.12: Sequence of fragment C and position of primers
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Figure 6.13a: Results of the sequencing reaction of fragment C of a wild type sample using
forward (top part of the picture) and reverse primers (lower part).
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Figure 6.13b: Results of the sequencing reaction of fragment C of a mutant type sample using
forward (top part of the picture) and reverse primers (lower part).
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6.3.7 Confirmation of the single base change with restriction digest
The base change generated a new restriction enzyme site, Alw44I which can be used to
identify polym orphism cutting fragment C into 252 and 52 bp products. Results are presented
in figure 6.14. From the figure, the very small band was a PCR artifact.

250bp

50 bp

Prim er-dim er

Figure 6.14: Digest o f PCR product o f fragments C using the Alw44I enzyme

This newly identified polym orphism was called -G 688A .

6.3.8 Association studies of the -G688A polymorphism

6.3.8.1 G eneral characteristics of the sample
Four hundred and eighteen individuals from the N orthw ick Park Heart Study II were
genotyped for the -G 68 8 A polymorphism. Although the sample used in the present study was
about one third o f the samples genotyped in the study presented in chapter 3 (i.e. 418 out o f
1447) the biochem ical characteristics were very sim ilar and therefore it could be argued that
this sample w as representative o f the whole sample (data not shown).
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6.3.8.2 Analysis according to genotype distribution and frequencies
The genotype distribution and frequency of the rare allele were as shown in table 6.3

Table 6.3: Genotype distribution and allele frequency for the -G688A polymorphism
MTHFR-G688A
GG
GA

NO (FREQ.)
307 (73.4%)
93 (22.3%)

AA

18(4.3)

A FREQ. WITH 95% Cl
0.15(0.13-0.18)

In order to increase the power of statistical analysis subjects heterozygous and homozygous
for the rare allele, were grouped together for the subsequent analysis.

6.3.8.3 Association between genotype and homocysteine, folate and B12 levels
Table 6.4 shows the results of the analysis of homocysteine levels, folate and B12 with
respect to -G688Apolymorphism

Table 6.4: Plasma homocysteine, folate and B12 median values with interquartile range with
respect to -G688A polymorphism.
GG (N=307)

GA/AA (N=93+18)

Homocysteine prnol/l

12.0(10.3-13.7)

11.5 (10.1-13.9)

Folate nmol/1

224.0(190.0-260.0)

213.0(185.0-266.0)

B12 pmol/1

331.0 (275.0-415.0)

333.0 (286.0.5-413.0)

From table 6.4 can be deduced that there is a very little difference in homocysteine, folate or
B12 levels with respect to the genotype. When analysis was performed using the ANOVA
package, there was no significant association between this polymorphism and plasma
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hom ocysteine levels (p=0.49) or folate levels (p=0.734) neither was any association between
B12 levels (p=0.91).

The genotype effect on homocysteine levels in different folate quartiles was presented in
figure 6.15. The -G 688A polym orphism did not have any profound effect. Homocysteine
levels were lower at the lowest folate quartile but there was no significant difference of
hom ocysteine levels by genotype in different folate quartiles.

Homocysteine levels in different folate quartiles

a* 12
□ GG
a) 10 -

■ GA/AA

Folate quartiles

Figure 6.15: Homocysteine levels in different folate quartiles according to -G 6 8 8 A genotype
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6.3.8.4 Gene-gene interaction

Analysis was performed in order to determine whether there was any interaction between the
newly identified polymorphism -G688A and those studied in the same sample in chapter 3
i.e. the C677T polymorphism on the MTHFR gene, the 68 bp insertion/deletion on the CBS
gene and the A1275G polymorphism on the MS gene. There was no interaction between
those three polymorphisms and the new one (p>0.5 for all three cases).

6.3.8.5 Gene-environment interaction
Multiple regression analysis was performed in order to establish how much of the variance in
homocysteine levels could be explained by the -G688A polymorphism. This polymorphism
explained a non-significant amount of the variance in homocysteine levels in this particular
sample (adjusted R2=0.00239, p=0.93).
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6.4 Discussion
This study describes the identification of unknown sequence using an adaptor ligation
method. There are several PCR-based methods available for walking from a known region to
unknown region in cloned or uncloned genomic DNA. The general methods are of three
types: inverse PCR (Ochman et al 1988) randomly primed PCR (Parker et al 1991) and
adaptor ligation PCR (Rosenthal et al 1992, Lagerstrom et al 1991, Jones and Winistorfer
1993). These methods have not been generally used to ‘walk’ into uncloned genomic DNA
because they have been inefficient. Recent improvements to those methods have been applied
to uncloned genomic DNA (Barnes et al 1994) but walks have been limited to distance of less
than 1 kb. The adaptor ligation method that used here successfully generated a region of 1129
bases.

For this study nested PCR was used. By using nested PCR, specificity was increased.
Furthermore the gene specific primers used were relatively long, 30 bases in both sets of PCR
reaction. The reason for that was to increase specificity. By digesting genomic DNA with
restriction enzymes a very large number of big fragments were generated and therefore it was
essential to have long primers. The Taq Plus Precision polymerase system was used for PCR.
This thermostable DNA polymerase exhibits low error rate (Nielson et al 1997) and has a
relatively slow polymerization rate requiring the use of long extension times and long primers
to generate high yield PCR products (Nielson et al 1997). As from figures 6.6a, 6.6b and 6.7
a range o f fragments were generated but most were short, <lkb. There may be several
reasons for those results. First of all the enzymes used may have been cutting often and
therefore gave rise to short fragments. With respect to the actual PCR reaction, the starting
amount of DNA template may have been insufficient or the DNA template may have been of
poor quality.
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Furthermore the choice of primers is an important parameter. The problem was that the gene
specific antisence P310 and P I 36 primers had to start within exon 1 and after several
attempts it was decided that those were the most appropriate. Also general problems related
to PCR reaction such as optimizing annealing temperature, denaturation times, concentration
of primers and concentration of template were all factors consider and the results presented in
the present study were the optimized conditions after a lot of experimentation.

When a long enough fragment was generated, it was cloned into the pGEM-T Easy vector.
That was a convenient system for cloning PCR products. The vector contained single 3*-T
overhangs at the insertion site and facilitated the ligation of the PCR product. This vector
improves the efficiency of ligation by preventing recircularization of the vector and providing
a compatible overhang for PCR products generated by thermostable polymerases, in the
present study by the Taq Plus Precision polymerase system (Mezei and Storts 1994, Robles
and Doers 1994). The multiple restriction sites around the cloning site, facilitated the release
of the insert after digestion with appropriate enzymes.

With the vector used, several considerations had to be taken into account. The purity of the
PCR product is known to be a very important factor. Since the PCR reactions generated a
range of bands, the band o f interest had to be excised from the agarose gel and then gel
purified. This method is recommended even if a single band has been obtained in order to
eliminate the presence of primer-dimer.

With respect to the cells used, the cells were grown in house. Using this vector system,
successful recombinants were identified by color screening on indicator plates whereby they
produced white colonies. As from the transformation results, more blue colonies were
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produced rather than white. In terms o f transform ation efficiency usually the longer the
fragment is the lower the transform ation efficiency. The positive control was used in order to
determine whether the ligation reaction was efficient. Typically about 30% o f colonies were
expected to be blue and greater than 60% white.

A background control was also used. The background control contained no insert and used to
determ ine the num ber o f blue colonies produced from non-T -tailed or undigested vector
alone. Only blue colonies were expected. Then the num ber o f blue colonies produced by the
background control could be com pared to the num ber o f blue colonies produced by standard
reaction using a PCR product. If the num ber o f blue colonies produced by ligation o f PCR
product was significantly higher than the number o f the blue colonies produced by the
background control, then recom binants were probably among the blue colonies. A ccording to
the results in table 6.2 the num ber o f blue colonies produced by the background control and
the standard reactions were quite similar.

When 500pl o f transform ation culture was used the num ber o f the colonies produced was
significantly higher than when lOOpl was used. In order to decide the am ount o f the
transform ation culture experim ents took place and it was decided that those concentrations
were the appropriate since less than lOOpl produced very few colonies and m ore than 500pl
i.e. 750pl, produced too m any colonies making the isolation o f a single colony very difficult.

The presence o f the right size fragment in the vector, was confirm ed by double digest. Then
as described, the vector was sequenced. Primers o f forward and reverse orientation were used
in order to cover the region o f interest. Although theoretically relatively large sequences can
be obtained, in the present study the sequences obtained were no more than 400 bases with
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either of the primers. Therefore internal primers had to be designed in order to ‘walk’ further
into the fragment. Eventually a series of overlapping fragments were obtained by using the
recombinant clones and the whole sequence of the 1129 base fragment was determined.

At that stage it was important to establish whether the sequence obtained contained any
elements traditionally present in gene promoters such as TATA box, CCAAT box and CG
box. By using a number of different software specifically designed to detect such elements,
no elements indicating that this region was the promoter of the MTHFR gene were detected.
Furthermore elements such as CG box and CCAAT boxes are present in very high number in
promoters giving rise to a high CG content. In this region the CG content was 53.84%.
Therefore since there was no evidence that the region sequenced was the promoter of the
MTHFR gene no further studies took place. If there was any indication for the presence of a
promoter, a construct would have been made up containing the promoter sequence and a
luciferase plasmid attached. Then the activity of that construct would have been compared to
a similar construct that would not contain the promoter sequence and to a construct
containing a known and well-characterised promoter.

Although the newly identified sequence did not contain any regulatory elements indicating
that it was the promoter region of the gene, studies were performed in order to detect any
mutations of polymorphic nature present in that area. Screening DNA for possible but
unknown mutations involves rather complex techniques. Several techniques have been used
for the identification of mutations. Gene rearrangements are commonly identified by
Southern blotting but for identification of point mutations and other small changes other
methods have to be used. The main four techniques used are chemical cleavage or mismatch,
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denaturing gradient gel electrophoresis (DGGE), single strand conformation polymorphism
(SSCP) or direct sequencing.

Chemical cleavage or mismatch (Cotton 1993) depends upon the susceptibility of a base pair
mismatch (i.e. between the strand of a PCR fragment and the annealed probe strand
representing the ‘normal’ sequence) to chemical cleavage. The strands are separated after
chemical treatment and analyzed by electrophoresis for any cleavages. The main problem
with this method is that it involves several time-consuming steps and hazardous chemicals.
Fragments of DNA about 500-600 bp give good results but for longer fragments the yield of
amplified DNA is reduced, cleaved mismatches within 50-60 bp of the ends o f he DNA
fragments may not be detected. This problem can be overcome by using oligonucleotides that
generate fragments that overlap by lOObp.

Denaturing gradient gel electrophoresis (Myers et al 1985a) is another method for detecting
mutations (Cariello and Skopek 1993). This method depends upon the difference in melting
profile conferred by a single base substitution. There is a linear gradient of urea/formamide in
a poluacrylimide gel where the DNA migrates into an increasing concentration of denaturant
(Cariello and Skopek 1993). The way the DNA fragments behave in a denaturing gradient gel
Can be predicted from the base pair sequence (Lerman and Silversein 1987) and a melting
map can be calculated. This method is only sensitive to mutations in the low-temperature
melting domain of a molecule. Adding CG rich sequence to it can alter the melting
characteristics of a molecule, the so-called GC clamp (Myers et al 1985b, 1985c). This
method works best if a CG rich sequence clamp is introduced at one end of the sequence (can
be included on the PCR primer). This technique is rather difficult to set up and use.
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Direct sequencing is difficult to use when searching for unknown mutations in a large number
of genes or samples without having an indication of where the mutation may be. The quality
of the sequencing has to be very high in order to avoid presence of artifacts. Furthermore a
large number o f samples had to be sequenced and sequences to be compared to each other in
order to establish a base change. Although the Sanger chain termination method (Sanger et al
1977) can be used and is easier with automated sequencing machines, it is rather difficult and
laborious for primary search for mutations.

The method used in the present study to detect any mutations present was SSCP. SSCP
analysis revealed the presence of a mutation within fragment C. This fragment was then
sequenced and the presence of a single base substitution, a G to A change at position -688
relative to the ATG start codon of exon 1 of the MTHFR gene, was confirmed by direct
sequencing. As described previously this method is relatively easy to use and has the
potential of detecting mutations in large number of samples. The runs were performed using
different conditions i.e. the temperature and the acrylamide concentration, were varied,
throughout the experiments glycerol was used.

SSCP depends on non-denaturing conditions in the gel for the detection of mobility shifts of
the single strands introduced by single base substitutions that affect their conformation. To
achieve those non-denaturing conditions, gels had to be electrophoresed at a voltage that does
not heat the gel to such a degree as to denature the single strands. The exact temperature
when single strands stop migrating according to conformation and start migrating according
to size is not known. The precise regulation of temperature in large gels is possible with
recycling buffer systems or fans and metal plates (Hayashi et al 1991) but cooling plates are
complex and expensive. Most studies are thus done either by electrophoresing at room
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temperature or in a cold cabinet or cold room (Orita et al 1989, Leren et al 1993). This is not
very accurate but according to most studies sufficient. In the studies described here no major
problems were encountered with the use o f room temperature 18-22°C or the cold cabinet
4°C.

The effect of increased acrylarnide concentration has been described for improving the
sensitivity o f detection of mutations in longer fragments of amplified DNA (Savov et al
1992). The smallest fragment in the present study was 120 bp and the longest 305 bp. The
concentrations of acrylarnide used were 7.5% and 12.5%. Under both conditions exactly the
same mutation was identified and therefore increasing the concentration of the acrylarnide
does not necessarily allow identification of more mutations. Furthermore, the 12.5%
acrylarnide gels were relatively difficult to handle because it was hard to get the gels off the
plates and onto 3MM papers for drying. No gels were destroyed but extra care had to be
taken.

Glycerol was used throughout the experiments. Experience from previous studies suggested
that the presence o f glycerol gave better and clearer results. It could be argued that both
conditions should have been used, i.e. with and without glycerol, but when searching for
mutations in a large number of individuals and in a large number of fragments, it is very
difficult to use many different conditions. The fragments generated were of relatively small to
average size. When designing primers to cover the region of interest, care was taken in order
to create overlapping fragment and therefore not miss a mutation that might have been
present on the primer region. The size of the fragments has been shown to be an important
parameter with respect to sensitivity of detection of single base differences in PCR DNA
fragments (Hayashi and Yandell 1993).
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Association studies suggested that this polymorphism does not have any profound effect on
homocysteine, folate or B12 levels neither there was any interaction with the 68 bp insertion
on the CBS gene or the D919G polymorphism on the MS or the C677T polymorphism on the
gene. Furthermore, the -G688A polymorphism explained a non-significant portion of the
variance o f homocysteine levels.

In the present study a region of 1129 bases was identified upstream of exon 1 of the MTHFR
gene. This region did not seem to be the promoter region of the gene and the polymorphism
detected in that region did not have any profound effect on homocysteine levels. Therefore,
this region can be used as a starting point in order to ‘walk’ further into the gene when trying
to identify the promoter. Such studies would be very important and would provide a better
understanding of how homocysteine is regulated and possibly what gives rise to high levels.
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Future directions

About thirty years ago, in 1969, McCully observed that elevated plasma homocysteine was
associated with vascular disease. Since then many studies have taken place trying to explain
how homocysteine is metabolised, which are the main genes involved and how it is
associated with vascular disease risk.

The three main questions that need to be addressed are:
1. What determines homocysteine levels.
2. Is reduction of homocysteine levels associated with reduction in coronary artery disease
(CAD) risk.
3. How elevated homocysteine levels promote atherosclerosis.

The studies presented here, indicate that there is an association of homocysteine levels with
the polymorphisms described in the MTHFR, CBS and MS genes and there is an interaction
between the polymorphism in the MTHFR and CBS gene and MS and CBS gene in the
regulation of homocysteine levels. Although homozygotes for the 677T genotype had
elevated homocysteine levels, this genotype was not associated with increased risk of
developing coronary heart disease (chapter 3). It was found however, that the frequency of
the 677T allele was significantly higher in the town of Dewsbury (town where there is a high
risk of developing CAD) when compared to Maidstone (low risk town) thus providing
evidence for a true regional difference on allele frequencies that may have an impact on the
development o f CAD (chapter 4). Homocysteine levels though can be effectively lowered
after administration of folate irrespective of the individual’s genotype (chapter 5). The
polymorphisms studied explain a portion of the variance of homocysteine levels. By using
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‘chromosome walking’ a new polymorphism, -G688A was identified upstream of exon 1 of
the MTHFR gene. This polymorphism does not have any effect on homocysteine, folate or
B12 levels.

The MTHFR, MS and CBS genes are those mostly studied so far. The exon-intron structures
of MTHFR and CBS genes are available but not of the MS gene. Furthermore the promoter
region of all three genes has not been available so far. Therefore, further research should
concentrate on elucidating the promoter region of these genes and providing a better
understanding about the control and regulation of these enzymes. Once the promoter regions
would be available then functional studies may take place. There are also several other
enzymes and therefore genes involved in the regulation of homocysteine. All these genes
could be potential targets for future research.

Several polymorphisms and many mutations have been identified in these three genes. The
C677T polymorphism has been consistently associated with elevated homocysteine levels but
there is a dispute whether it is an independent risk factor for vascular disease. Even this
polymorphism explains only a small portion of the homocysteine levels variance. Future
work should concentrate on identifying other genetic variants that may play an important role
in homocysteine regulation in the MTHFR, CBS and MS gene and also in any other gene
involved in the homocysteine regulation.

Epidemiological studies have shown a strong inverse relationship between homocysteine
levels and vitamins, especially folate and that administration of folate effectively reduces
homocysteine level. Studies are needed to establish who are the people at most risk and what
is a safe and effective dose of vitamins required to lower homocysteine levels. In addition, it
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is not known whether reduction of homocysteine will reduce cardiovascular disease risk. In
order to address this question big prospective studies are needed.

Homocysteine has been identified as an independent risk factor for vascular disease.
Although several hypothesis have been suggested, it is not clear how homocysteine induces
atherosclerosis, what is the role of homocysteine in the development of atherosclerosis, what
molecules it regulates and through which pathways it acts in order to cause vascular damage.

All the above questions are very important and need to be addressed urgently in order to
provide a better understanding about homocysteine regulation. Once the molecular
mechanism(s) is known, then strategies for lowering homocysteine and reducing vascular
disease risk could be devised.
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APPENDIX

Nae I
2692

Sea 11875

T7 4,

f1 ori

Amp

pGEM®-T
Vector

Apa I
Aat II
Sph I
BsfZI
A/co I
Sac II

lacZ

(3000bp)

Spe I
/S/of I
SsfZI
Psfl
Sali
A/c/e I
Sac I
SsfXI
A/s/1

t SP6

1 start
14
20
26
31
37
46

55
62
62
73
75
82
94
103
112
126

Circle map of the pGEM-T vector (adapted from Promega UK)
T7 Transcription S tart

5 ' . . . TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG
3 \ . . ACATT ATGCT GAGTG ATATC CCG CT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC
T7 Prom oter
Apa I
Aat II
Sph I
BstZ I

I

iI

I I____I

I

I

CCATG GCCGC GGGATT3YrlnnAH . A
ATCAC TAGTG CGGCC GCCTG CAGGT CGACC ATATG
GGTAC CGGCG CCCTA V
8 /3'TTAGTG ATCAC GCCGG CGGAC GTCCA GCTGG TATAC

I

Nco\

II

S a c II

I_______________I____HI____
UI____
II____II___
I
Spe I
|
Not I |
Pst\
Sal I
N de\
BstZ\
SP6 Transcription Start

M----------GGAGA GCTCC CAACG CGTTG GATGC ATAGC TTGAG TATTC TATAG TGTCA CCTAA A T . . . 3 '
CCTCT CGAGG GTTGC GCAAC CTACG TATCG AACTC ATAAG ATATC ACAGT GGATT T A . . . 5 '

I
Sac I

I I_________ II___ I
BstX I

SP6 Prom oter

Ate/1

The multiple cloning sequence of the pGEM-T vector
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