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Abstract 
 
Background Aging is associated with increased risk of cardiovascular and 
neurodegenerative disorders and an increase in their risk factors, such as decreased 
concentrations of folate and increased concentrations of homocysteine. The association 
of folate and homocysteine with age-related disease and, most importantly, the causality 
needs to be assessed for effective public health policy. The pathogenic mechanisms, 
which link these risk factors to age-related diseases may include non-specific disease 
mechanisms such as inflammation.   
 
Methods We investigated the association of folate and homocysteine with 
cardiovascular disease risk, cognitive performance on a battery of neuropsychological 
tests and hearing thresholds in middle-aged and elderly men and post-menopausal 
women using cross-sectional data obtained from the baseline measurements of the 
FACIT trial. FACIT is an acronym for Folic Acid and Carotid Intima-media Thickness. 
The FACIT trial investigates the effects of daily folic acid supplementation (0.8 mg/d) 
for three years on age-related parameters, carotid artery wall thickness and arterial 
stiffness, cognitive performance and hearing. Furthermore, we investigated whether 
supplementation with folic acid after one year will lead to a reduction in plasma 
concentrations of inflammation markers in the final 530 participants of the FACIT trial.  
 
Results Low folate status and high concentrations of homocysteine were associated 
with increased carotid intima-media thickness, a marker of cardiovascular disease risk. 
However, the relationships were explained to a great part by conventional risk factors 
(mean difference between first vs. fourth quartile of erythrocyte folate 0.03 mm, 95% 
confidence interval -0.002 to 0.06 mm). Neither folate nor homocysteine were associated 
with carotid distension, a measure of arterial stiffness. Decreased concentrations of 
erythrocyte folate and increased concentrations of homocysteine were independently 
associated with poor cognitive performance. The cognitive domains with the greatest 
variability with age, like memory and speed-related functions, were also the domains 
with the strongest relation with low folate levels. Unexpectedly, folate, not 
homocysteine, was directly associated with hearing impairment; however, this association 
was confined to subjects with the 5,10-methylenetetrahydrofolate reductase (MTHFR) 
677C allele. Subjects with the MTHFR 677TT genotype had better cognitive 
performance and hearing levels than subjects with the CC or CT genotype. Finally, 
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inflammation markers did not respond to one-year folic acid supplementation, despite a 
25% decrease in homocysteine concentrations. 
 
Conclusions and implications Increased concentrations of folate, independent of its 
role in homocysteine-lowering, are weakly associated with decreased risk of 
cardiovascular disease and better cognitive function, but not with hearing acuity. Further 
research is required to establish whether these relationships are causal and the 
mechanism responsible for disease. If faced with the decision whether to fortify the 
national food chain with folic acid, public health policy makers should wait for the large 
trials to report their findings on the effects of folic acid�alone or in combination with 
other B vitamins�on cardiovascular disease and dementia.  
 
 
�Folate and age-related disease,� Ph.D. thesis by Jane Durga, Division of Human Nutrition, 
Wageningen University, Wageningen, October 22, 2004. 
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Panacea 
Folic acid, the synthetic form of folate, a B vitamin, has been called the leading 
contender for the panacea of the 21st century.1 The speed at which folate has reached 
new heights as a cure-all for many modern day ills is astonishing, even faster than the 
introduction of sugar to the common man�s diet.2 Lucy Wills, in 1931, reported on a 
factor in yeast which could correct macrocytic anemia in pregnant women, later revealed 
to be folate. Macrocytic anemia in patients with celiac disease, idiopathic steatorrhoea, 
sprue and undernutrition responded better to folic acid, newly synthesized by Bob 
Stockstad in 1943, than to liver or yeast extracts.3 The historical context may explain why 
definitions of folate deficiency are based on abnormal changes in blood such as 
macrocytic anemia. Since the discovery of folate, low concentrations of folate have been 
linked to a multitude of diseases and chronic conditions, like vascular disease, dementia 
and age-related hearing loss, either as a cause or a consequence.4,5  
 
Folate from food 
Folate is present almost ubiquitously in natural foods, but still many adults do not 
consume enough folate to meet the dietary reference intake. The estimated folate intake 
in Dutch adults aged 20 to 65 years is approximately ~200-250 µg/d, lower than the 
dietary reference intake of 300 µg of folate per day.6 One can achieve adequate folate 
status eating a diet high in folate-rich foods such as fruits and vegetables.7-10 Poor dietary 
habits e.g. diets high in refined grains, high-fat dairy products and red meat rather than 
fruits and vegetables, whole grains and poultry, may help explain low dietary folate 
intake and low folate concentrations.11-18  
 
Dietary patterns are known to change with age, and aging has been associated with lower 
folate intake and low folate concentrations.19-21 In addition to poor dietary habits, aging 
may influence one�s folate metabolism. With increasing age, the activity of enzymes 
involved in folate metabolism may decrease and the incidence of malabsorptive intestinal 
disease, like atrophic gastritis increases. Furthermore, folate metabolism is impaired as a 
consequence of secondary nutrient deficiencies in iron and vitamins B6 and B12.22  
 
To ensure optimal folate status, many countries have adopted folic acid fortification 
programs. The impetus for this political action spawned from the results of a series of 
trials conducted in the 1980s and 1990s, which demonstrated that maternal folic acid 
supplementation reduced the risk of giving birth to a baby with defects such as spina 
bifida.23 Since its inception in 1998, folic acid fortification in the United States of 
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America has resulted in an increase in folate concentrations and appears to decrease risk 
of neural tube defects24 and cardiovascular disease25 without increasing the number of 
elderly with low vitamin B12 status without anemia.26 The latter is of concern, as folic 
acid supplementation may mask signs of vitamin B12 deficiency such as megaloblastic 
anemia. For this reason, the Dutch government has refrained from fortification of food 
products with folic acid meant for the general population.27 Monitoring for adverse 
effects of folic acid is also necessary: maternal folic acid supplementation may increase 
risk of spontaneous abortion28,29 and may increase the number of babies born with the 
5,10-methylenetetrahydrofolate reductase (MTHFR) 677TT genotype.30 Adverse effects 
of folic acid on risk of cancer are unknown.31  
 
Functions of folate 
Folate is essential for many physiological functions. Recent evidence suggests an 
antioxidant-like function of folate, but the traditional function of folate is that it accepts 
and donates one-carbon units (Figure 1.1). Various folate derivatives fulfill roles for one-
carbon transfer for de novo nucleotide and formate synthesis and amino acid 
interconversions. The bulk of research on folate is attributed to its role with 
homocysteine, an amino acid formed in cells when the essential amino acid, methionine, 
is catabolized.4 An elevated concentration of plasma total homocysteine is an 
independent risk factor for vascular disease.32 Folic acid supplementation and extra 
dietary folate intake from the food may decrease concentrations of plasma 
homocysteine. Effect of low folate concentrations or folic acid supplementation on 
coenzyme Q10 has received less research. 
 
Scientific optimism  
But will folic acid prevent disease? There is much optimism for folate as a panacea. 
Governments hesitant with folic acid fortification have even been accused of public 
health malpractice.33 Reviews have summarized the wealth of literature from in vitro, in 
vivo, animal and human studies, which have shown adverse changes in vascular and 
neurological tissue associated with low concentrations of folate and elevated 
concentrations of homocysteine. Likewise, observational studies have shown an inde-
pendent association of folate and homocysteine with cardiovascular disease. A recent 
meta-analysis has found that a 2.6 µmol/L higher homocysteine was associated with a 
13% (95% CI 8 to 19%) increase in risk of cardiovascular disease.32 Cohort and case-
cohort studies suggest that low folate intake34-37 and low levels of serum or erythrocyte  
 



Chapter 1 

 14

 

Cysteine

10-Formyl THFCox

10-Formyl DHFCred

THF 5-Methyl THF

5,10-Methylene THF

HomocysteineMethionine

S-adenosylhomocysteineS-adenosylmethionine

DNA�CpG�DNA DNA�CpG�DNA
CH3

DHF
Cystathionine

Dietary 
protein

Dietary folate
&

folic acid

MS

SHMT

MTHFR

Inner mitochondrial membrane

dUMP

dTMP

TS

DNA synthesis

DHFR

B12 B6

B6

CβS

DNA methylation

Cytochrome c reduction

Homocysteine

reduction

 
 

Figure 1.1 Metabolism and function of folate. 
The MTHFR 677C!T polymorphism, involving a C 
to T substitution at the 677 base of the gene encoding 
for MTHFR, is associated with reduced enzyme 
activity in vitro. Subjects with the MTHFR 677TT 
genotype have in theory a reduced capacity of methyl 
transfer and greater capacity of formyl folate for i.e. 
mitochondrial cytochrome c reduction (mitochondria 
are the greatest producers of reactive oxygen species 
in the cell) and methenyl folate for thymidylate 
synthase, preventing dUMP accumulation, which has 
been associated with increased uracil 
misincorporation in DNA. Alongside the MTHFR 
677TT genotype, low intracellular concentrations of 
folate can influence competition for 5,10-methylene-
tetrahydrofolate, which favors commitment of one-  
 

 
carbon moieties for formylfolate and methenylfolate 
reactions.46 Subjects with the MTHFR 677TT 
genotype have increased risk of cardiovascular disease 
and decreased risk of cancer. The association of the 
MTHFR 677TT genotype with dementia and neural 
tube defects is unclear. Abbreviations. DNA�CpG�
DNA DNA CpG island; THF tetrahydrofolate; DHF 
dihydrofolate; MS methionine synthase; CβS 
cystathionine β-synthase; DHFR dihydrofolate 
reductase; SHMT serine hydroxymethyltransferase; 
MTHFR methylenetetrahydrofolate reductase; TS 
thymidylate synthase; dUMP deoxyuridylate; dTMP 
thymidylate; Cox oxidized cytochrome c; Cred reduced 
cytochrome c. 

 

 
folate,36-45 independent of homocysteine concentrations,37-39 are associated with vascular 
disease morbidity and mortality. 
 
Some believe the evidence on the benefit for homocysteine-lowering by B vitamins is so 
strong that ethical issues have arisen in B vitamin trials. For example, patients enrolled in 
a B vitamin trial in the control group were not offered placebo, rather low-doses of B 
vitamins.47 Alternatively, subjects with high homocysteine concentrations were excluded 
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from folate trials as it was deemed unethical to allocate them to the placebo treatment 
(FACIT1 trial).48 A combination pill of 0.8 mg folic acid plus a statin, three 
antihypertensive agents and aspirin has been brought forth as a therapeutic strategy 
capable of reducing risk of stroke by 80% and risk of ischemic heart disease by 88% in 
individuals above 55 years of age.49 In the case of folic acid, this risk reduction was based 
solely on observational evidence.50 Some governments have endorsed health claims for 
folate. The USA, for example, has authorized the �qualified health claim� for folic acid, 
vitamin B12 and vitamin B6. �As part of a well-balanced diet, rich in fresh fruits and 
vegetables, daily intake of at least 400 µg folic acid, 3 mg vitamin B6 and 5 µg vitamin B12 
may reduce the risk of vascular disease.�51 Food manufacturers have put forth health 
claims suggesting benefit of extra folate (in their product) for the �heart and mind.� 
 
There is surprisingly little evidence from randomized controlled trials to support the B 
vitamin health claims for the reduction of vascular disease risk, let alone for improving 
cognitive function (Table 1.1). One study found a beneficial effect of B vitamin 
supplementation on restenosis after percutaneous transluminal coronary angioplasty 
after two years; this effect was confined to those subjects responsive to therapy as 
measured by homocysteine reduction (n=553).52 In contrast, in a larger study, 
percutaneous transluminal coronary angioplasty patients administered B vitamin therapy, 
initially intravenously and thereafter orally, had smaller lumen diameters and increased 
rates of restenosis compared with patients taking the placebo (n=636).53 Three studies 
found a positive effect of B vitamin supplementation on cardiovascular disease risk as 
measured by carotid intima-media thickness and abnormal exercise electrocardiography 
test.54-56 The former is a validated surrogate marker of vascular disease57 whereas the 
latter may be inappropriate as marker for cardiovascular disease risk in the general 
population.58  
 
Limitations in evidence 
Evidence for the health claims has not come from the trials, with ~8,000 subjects 
showing no effect of folic acid on cardiovascular disease risk, but has been based on 
evidence from observational epidemiology.51 Observational epidemiology suffers from 
confounding and reverse causality. Confounding, because people with high folate levels 
differ in many aspects from those with lower levels. These aspects may be difficult to  
 

                                                 
1 FACIT is an acronym for Folic Acid and Carotid Intima-media Thickness. The FACIT trial 
investigates the effects of 0.8 mg folic acid supplementation for three years on carotid intima-media 
thickness, cognitive function and hearing. 
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Table 1.1 Summary of studies investigating the effect of folic acid on vascular disease endpoints.a  
     
Design Duration Sample size (n) and Treatment Relative risk (95% confidence interval) 
     
     
Vascular disease    
RCT59 2 y 942 

940 
5 mg FA  
placebo 

1.0 (0.7 to 1.3)  Revascularization, recurrent 
myocardial infarction, cardiac-cause death 

RCT47 2 y 1827g 
1853 g 

2.5 mg FA, 25 mg B6, 0.4 mg B12 
0.02 mg FA, 0.2 mg B6, 6 µg B12 

1.0 (0.8 to 1.1)  Recurrent stroke 

T60  20 mb 79 
194 

5 mg FA, 250 mg B6c  
standard cared  

0.96 (0.6 to 1.6)  Recurrent peripheral disease, 
coronary or cerebrovascular disease  

T61 57 mb 52 
151 

5 mg FA, 250 mg B6c  
standard cared  

1.03 (0.6 to 1.9)  Recurrent cerebrovascular 
disease, coronary or peripheral disease 

RCTe 6 m  353 
348 

5 mg FA, 50 mg B6, 0.4 mg B12 
placebo 

0.8 (0.6 to 1.3)  Recurrent venous thrombosis  

T62,63 5 yb,f 101 2.5 mg FA, 25 mg B6, 0.25 mg B12 -0.2 cm2/y change in rate of carotid plaque 
progression 

RCT53 6 m 316 
320 

1.2 mg FA, 48 mg B6, 0.06 mg B12g

placebo  
1.5 (1.0 to 2.3)  Revascularization target vessel, 
myocardial infarction, cardiac-cause death 

RT64 1 y 140 
143 

5 mg FA, statin  
statin 

0.98 (0.7 to 1.4)  Recurrent myocardial infarction, 
stroke, invasive vascular intervention, all-cause 
death 

RT65 2 yb 300 
293 

0.5 mg FA 
standard care 

1.1 (0.6 to 1.8)  Recurrent myocardial infarction, 
stroke, invasive vascular intervention, all-cause 
death 

RCT52  6 m 272 
281 

1 mg FA, 10 mg B6, 0.4 mg B12  
placebo 

0.5 (0.3 to 0.9)  Restenosis  

RCT66 6 m 58 
55 

1 mg FA, 10 mg B6, 0.4 mg B12 
placebo 

0.3 (0.2 to 0.7)  Restenosis  

RCT67 1 y 272 
281 

1 mg FA, 10 mg B6, 0.4 mg B12  
placebo (6 m treatment only) 

0.7 (0.5 to 0.96)  Revascularization, myocardial 
infarction, all-cause death  

RCT54 1 y 50 2.5 mg FA, 25 mg B6, 0.5 mg B12 or 
placebo 

-0.15 mm in carotid intima-media thickness 

    
Renal patients   
RCT55 6 m 25 

28 
5 mg FA, 50 mg B6, 0.4 mg B12 
placebo  

55% regression in carotid intima-media thickness

RT68 2 y 174 
177 
177 

15 mg FA  
5 mg FA 
1 mg FA 

1.6 (0.6 to 1.9)  Cardiovascular events, death 
(15 mg FA vs. 1 mg FA) 
0.9 (0.2 to 4.2)  Cardiovascular events, death 
(5 mg FA vs. 1 mg. FA)  

   
General population   
RCT56 2 y 78 

80 
5 mg FA, 250 mg B6 
placebo 

0.9 (0.6 to 1.3)  Ankle brachial index  
1.0 (0.3 to 4.1)  Peripheral stenosis  
0.9 (0.5 to 1.6)  Carotid stenosis  
0.4 (0.2 to 0.9)  Abnormal exercise ECG 

RCT69 13 mb 68 
73 

5 mg FA, 250 mg B6  
placebo 

0.5 (0.2 to 1.4)  Abnormal magnetic resonance 
angiography 

    
a Abbreviations. R randomized; C controlled; T trial; FA folic acid; ECG electrocardiography.  
b Follow up time. 
c Hyperhomocysteinemic. 
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d Non-hyperhomocysteinemic. 
e M den Heijer. Personal communication. 
f Follow up time before treatment 2.7 - 4.5 y, follow up time after treatment 1.6 - 1.8 y. 
g First day treatment 1 mg FA, 5 mg B6, 1 mg B12 intravenously. 
 
measure and may highly correlate with folate, hindering statistical adjustment.70 Diets 
high in folate tend to be high in other nutrients and macromolecules such as 
antioxidants and other vitamins, minerals, mono- and polyunsaturated fatty acids, n-3 
fatty acids, fiber, phytochemicals and plant protein, which could explain its inverse 
association with risk of cardiovascular disease. Subjects with low folate and high 
homocysteine concentrations tend to have poor dietary patterns, which have been 
associated with risk of cardiovascular disease, and more unhealthy lifestyle risk factors, 
e.g. smoking and low physical activity.11,12,16,17,71-73 Secondly, associations from 
observational epidemiology may be explained by reverse causality. Stronger associations 
of homocysteine with risk of cardiovascular disease are found from case-control (prone 
to bias by existing disease influencing homocysteine) rather than from cohort studies74 
and the association from cohort studies is stronger in patient populations than the in the 
general population.75 This suggests that homocysteine may be a marker of vascular 
damage.  
 
Mendelian randomization 
Genetics, specifically common polymorphisms of folate-dependent enzymes, may give 
insight into the temporal relationship and better understand etiology of disease. 
Mendelian randomization, the random assortment of e.g. MTHFR 677T alleles to 
offspring, reduces bias and confounding, as exposure (genotype) is not likely to influence 
other risk factors. An association found between MTHFR 677T allele and disease may 
support the causal relation of folate or homocysteine with disease.76 Moreover, 
Mendelian randomization reduces imprecision; genotype is more representative of �usual� 
homocysteine concentrations than a one-off homocysteine measurement with its 
inherent measurement error.77 An ideal polymorphism for Mendelian randomization is 
one that results in appreciable inter-genotype variation in serum markers, like that of a 
25% increase in homocysteine concentrations in subjects with the 5,10-
methylentetrahydrofolate reductase (MTHFR) 677TT genotype compared with the CC 
genotype (Figure 1.1).78 If indeed folate or homocysteine is causally associated with risk, 
then support for such a role comes from the 16% (95% CI 5 to 28%) greater risk of 
coronary heart disease in ~30,000 patients with the MTHFR TT genotype compared 
with CC genotype.78,79 This estimate is largely unconfounded and establishes a temporal 
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relationship between homocysteine and cardiovascular disease. Genetic association 
studies, as illustrated by Klerk et al,78 require large sample sizes to avoid spurious results 
and assumes that MTHFR is not a pleiotrophic gene.80 
 
Health claims 
Neither observational nor genetic studies can tell us whether folic acid supplementation 
will lead to a reduction in vascular disease. Health claims for folate need to be based on 
convincing evidence from randomized controlled trials to generate and maintain 
consumer confidence. To date the majority of trials have been conducted in patients 
with vascular disease; however, evidence must also come from trials conducted in the 
general population, if only because the vast majority of consumers are not patients. Such 
a trial would require a large study population and have a lengthy duration to collect 
enough cases with incident cardiovascular disease. Validated surrogate markers of 
disease for the general population are needed to make such trials feasible.  
 
Trials will make or break the enthusiasm around folate, just like antioxidant vitamin trials 
did in the 1990s. Supplementation with β-carotene increased incidence of cardiovascular 
disease, especially pronounced in smokers,81 a surprise for the research community 
considering that in observational epidemiology and in vitro studies, β-carotene was 
inversely associated with risk of cardiovascular disease. The lessons from the β-carotene 
trials have taught us that complex diet rather than single nutrient may be important.82 
The beneficial actions of nutrients from our diet may be the result of food synergy, 
which reflects the interplay between a prudent dietary pattern, food groups like whole 
grains, fruits and vegetables and vegetable constituents.82 Randomized controlled trials 
show that food-base interventions can decrease risk of cardiovascular disease.83 Whether 
strategies that increase consumption of folate-rich foods rather than relying on folic acid 
supplementation are more successful in effectively preventing cardiovascular disease 
remains to been seen. Like Marie Antoinette�s solution to the hungry women who 
stormed the Palace of Versailles in Paris of 1789, �let them eat cake,� foods fortified 
with folic acid may prove to be just as frivolous.  
 
This thesis  
Low concentrations of folate and high concentrations of homocysteine have been 
associated with a variety of diseases. Since health claims suggest beneficial effects of 
folate and extra folic acid on e.g. vascular disease, we need support from trials in the 
general population. The FACIT trial is a three-year double blind randomized controlled 
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trial investigating effect of daily folic acid supplementation (0.8 mg/d) on cardiovascular 
disease risk in men and postmenopausal women aged 50 to 70 years. Our primary 
outcome is carotid intima-media thickness, a validated marker of cardiovascular risk in 
the general population.57 Such a trial should be a prerequisite for and may help support 
or refute health claims that suppose that extra folic acid will indeed reduce the risk of 
vascular disease.  
 
Secondary measures in the FACIT trial include arterial stiffness and parameters of 
vitality such as cognitive performance and hearing. Arterial stiffness has been associated 
with age-related arterial changes, atherosclerosis and vascular disease risk,57 and increases 
in response to increased homocysteine concentrations after a methionine load.84 The 
association of homocysteine with markers of arterial stiffness has been inconsistent.85-88 
Two trials in the general population89,90 and one trial in patients with end-stage renal 
disease have not found a beneficial effect of B vitamin therapy on markers of arterial 
stiffness.91 There is a wealth of literature from observational epidemiology that has 
shown an association of low folate and high homocysteine concentrations with poor 
cognitive performance.92,93 Evidence from folate trials on cognitive function in the 
population is still inconclusive.94 Many trials employed small study populations, lacked a 
control group or placebo treatment, allocated multiple interventions such that the effect 
of folate cannot be delineated or employed insensitive tests, like the Mini-Mental 
Screening Examination.47,95-100 The FACIT trial has employed sensitive cognitive tests 
that are known to vary with age.101 Finally, although age-related hearing loss is one of the 
most prevalent chronic conditions affecting the elderly, there has been little research on 
the link with nutrition. Low concentrations of folate have been inversely associated with 
hearing levels in some populations with age-related hearing loss,102,103 however, no trials 
have been conducted to determine whether an increase in folate concentrations is 
associated with improvement in hearing thresholds.  
 
The mechanisms, which may explain the association of low folate or high homocysteine 
with age-related conditions and disease, remain elusive. Oxidative stress is believed to 
play a role in endothelial dysfunction and subsequent inflammatory response.104 
However, B vitamin supplementation does not affect markers of oxidative stress as 
found in randomized controlled trials.105-107 Although folic acid supplementation 
improves endothelial function as measured by flow-mediated dilation,108 we have shown 
that one-year folic acid supplementation does not affect markers of endothelial 
dysfunction such as von Willebrand factor and tissue factor or markers of hemostasis.109 
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Finally, trials conducted in the general population have not been able to show beneficial 
effects of B vitamin supplementation on markers of inflammation such as vascular 
adhesion molecule-1 and C-reactive protein.109,110 
 
In this thesis we present the relationship between low folate and high homocysteine 
concentrations, on the one hand, and risk of vascular disease, cognitive performance and 
hearing, on the other hand, using the baseline data of the FACIT trial. The second chapter 
provides an overview of the studies that have examined the association of folate and 
homocysteine with cardiovascular disease risk as measured by carotid intima-media 
thickness. The third chapter illustrates the association of folate and homocysteine with 
carotid intima-media thickness and carotid distension, a marker of arterial stiffness. The 
fourth and fifth chapters present the association of low folate and high homocysteine with 
cognitive performance and hearing, respectively. The sixth chapter is based on data 
collected after one-year intervention. There we examined whether one-year folic acid 
supplementation offers anti-inflammatory effects as measured by soluble intracellular 
adhesion molecule-1, oxidized low-density lipoprotein (LDL), autoantibodies against 
oxidized LDL and C-reactive protein. In the seventh chapter, the final chapter, we consider 
the role of folate and homocysteine in cardiovascular disease, cognitive decline and age-
related hearing loss based on our findings. Suggestions for future research are also 
discussed. The FACIT trial researchers will report their findings in 2005 on the effect of 
three-year folic acid supplementation on cardiovascular disease risk, cognitive decline 
and age-related hearing loss. 
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Abstract 
 
Aim This review examines the relationship between hyperhomocysteinemia, a risk factor 
for vascular disease, and carotid intima-media thickness, a valid marker of generalized 
atherosclerosis and future vascular disease risk. The relationship between two important 
determinants of hyperhomocysteinemia in the general population�folate status and the 
methylenetetrahydrofolate reductase (MTHFR) 677C!T polymorphism�and carotid 
intima-media thickness is also covered.  
 
Methods We searched literature databases for articles examining homocysteine and 
carotid intima-media thickness published before September 2003.  
 
Results We identified 54 studies. Observational studies generally failed to demonstrate a 
relationship between homocysteine and carotid intima-media thickness in 
homocystinuric, uremic, hypercholesterolemic or non-insulin dependent diabetes 
mellitus patients or in subjects with insulin insensitivity. Weak associations, but usually 
only in certain sub-populations were found in vascular disease patients and in 
population-based studies. B vitamins reduce the progression of carotid intima-media 
thickness in renal transplant recipients and vascular disease patients as demonstrated by 
two trials. The majority of studies demonstrated increased carotid intima-media 
thickness in individuals with the MTHFR 677TT genotype. Folate status showed no 
relation to carotid intima-media thickness.  
 
Conclusion In non-patient populations, hyperhomocysteinemia is weakly associated 
with carotid intima-media thickness. The association of the 677C!T MTHFR 
polymorphism with carotid intima-media thickness further supports this finding. Lastly, 
folate levels may need to reach a critically low status before an association can be found 
between folate and carotid intima-media thickness. Larger trials in various population 
types are needed to determine whether folate alone or in combination with vitamins B6 
and B12 will slow down or even reverse atherosclerotic progression. 
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Introduction 
Symptomatic vascular disease is preceded by atherosclerotic changes in the arterial 
system and is culminated by triggers such as plaque disruption and secondary thrombotic 
complications leading to vessel occlusion and subsequent ischemia. Clinical episodes 
manifest themselves, depending on the occlusion location, as ischemic heart disease, 
ischemic stroke or peripheral arterial disease. Mildly to severely elevated plasma 
concentrations of total homocysteine are positively associated with an increased risk of 
cerebral, coronary and peripheral vascular disease independent of traditional vascular 
disease risk factors.32,111 However, hyperhomocysteinemia may merely be a marker of 
atherosclerotic renal dysfunction112 or vascular damage.113 Whether homocysteine exerts 
its effects via thrombotic or atherogenic mechanisms and whether it is involved in early 
or advanced stages of atherosclerosis is uncertain.  
 
Homocysteine is located at the fork of two pathways in the metabolism of methionine, 
which relies on coenzymes derived from vitamin B12, folate and vitamin B6 (Figure 2.1). 
Excess homocysteine is released from the cell into the circulation and metabolized by  
 
 
 

cysteine 

cystathionine 

MTHFR 

THF 
methionine

methionine synthase betaine-homocysteine methyltransferase 
dimethylglycine 

betaine 

serine 

methylcobalamin 

protein 

S-adenosylhomocysteine homocysteine
CβS  
pyridoxal-5-phosphate

serine 
S-adenosylmethionine 

5,10-methylene THF 

5-methyl THF 

formylated folates 

Figure 2.1 Homocysteine metabolism.  
Homocysteine is the demethylated metabolite of 
methionine. The enzymes, MTHFR and methionine 
synthase, and the coenzymes, 5-methyltetra-
hydrofolate and methylcobalamin, are involved in 
homocysteine remethylation to form methionine. 
Irreversible transsulfuration of homocysteine to form 
cystathionine is dependent on cystathionine β-syn-
thase and its coenzyme, pyridoxal-5-phosphate.  

 
 

Betaine-homocysteine methyltransferase can also re-
methylate homocysteine. The metabolic fate of homo-
cysteine is dependent upon intracellular concen-
trations of S-adenosylmethionine, the primary methyl 
donor for physiological reactions. Abbreviations. 
MTHFR 5,10-methylenetetrahydrofolate reductase; 
THF tetrahydrofolate; CβS cystathionine β-synthase. 
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the liver and kidneys. Approximately two thirds of hyperhomocysteinemic cases are 
attributed to low B vitamin levels.114 In addition, a 677C!T mutation in the gene 
encoding 5,10-methylenetetrahydrofolate reductase (MTHFR), a key enzyme in the 
remethylation cycle, increases homocysteine by approximately 25% in subjects with the 
MTHFR 677TT genotype. Supplementation with folic acid, vitamin B12 and vitamin B6 
can reduce homocysteine concentrations by approximately 33% in the general 
population.115 
 
High resolution B-mode ultrasonography is a non-invasive method used to assess the 
combined thickness of the intimal and medial walls (Figure 2.2). Carotid intima-media 
thickness is a valid surrogate marker of vascular disease in the general and patient 
population: increased carotid intima-media thickness predicts vascular disease morbidity 
and mortality risk.57 Furthermore, increased carotid intima-media thickness is a marker 
of atherosclerosis in other arterial beds.117 
 
 

 

 

 
 

Figure 2.2 Distal common carotid artery.  
The carotid artery is an elastic conduit artery that 
branches at the common to form the internal and 
external carotid arteries. Lesion progression and 
diffuse intimal-medial thickening in the carotid artery 
begins in the internal and the bifurcation and spreads 
proximally to the common carotid.116 Carotid intima-
media thickness methodologies vary according to the  
 

 
site, position and length of segment that is examined 
and to the computation using the far and/or near wall 
and segment length or point thickness. Carotid intima-
media thickness estimates are reported as the mean or 
maximum thickness, as shown on this longitudinal 
ultrasound image. 
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This article systematically reviews the literature examining the relationship between 
homocysteine and carotid intima-media thickness in order to shed light on the role of 
homocysteine in vascular disease and atherogenesis, in particular. Special emphasis is 
given to folate status and the 677C!T MTHFR polymorphism, two important 
determinants of homocysteine in the general population. 
 
Methods 
English language literature published before September 2003 in Medline, Biological 
Abstracts and Current Contents databases were searched using �homocyst* and (carotid 
or thickness)� as key terms. All original studies conducted in humans were included if 
homocysteine and carotid intima-media thickness values were reported. In addition, 
references of articles found from the database search were scanned and experts in the 
homocysteine and carotid intima-media thickness fields were consulted for further 
suitable studies.  
 
Results 
Fifty-four articles were found. Five studies were excluded because data on the same 
population was presented.118-122 Apart from two trials, the articles reported observational 
findings. Table 2.1 gives the main results of the studies whereas Figure 2.3 illustrates the 
mean homocysteine and carotid intima-media thickness per population subtype when 
reported by the authors. Carotid intima-media thickness is used in this article without 
reference to the segment measured; see Table 2.2 for the various carotid intima-media 
thickness protocols employed in each study. 
 
Homocystinuria 
McCully123 brought forth the hypothesis that hyperhomocysteinemia is linked to vascular 
disease based on observations from patients with homozygous homocystinuria, an 
autosomal recessive condition characterized by hyperhomocysteinemia, hyper-
methioninemia and hypocysteinemia. Severe hyperhomocysteinemia (homocysteine 
>100 µmol/L) is caused by deficiency of the enzymes involved in methionine 
metabolism: cystathionine β-synthase, methionine synthase and MTHFR. Treatment 
regimens aimed at lowering homocysteine levels in homocystinuric patients appear to be 
protective against vascular disease,124 although normalization of homocysteine is not 
always achieved. 
 
Four cross-sectional studies examined homocysteine and carotid intima-media thickness 
in  homocystinuric  populations. The  carotid  intima-media  thickness  of  heterozygous 
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g No folate or B vitamin supplementation. 
h Approximate. 
i Selection based on insulin sensitivity score. 
j Hypertensives. 
k Non-hypertensives. 
l Data extracted from abstract. 
m Geometric mean. 
n Estimates based on larger study population. 
 
homocystinurics was similar to healthy control,86,125-127 even when heterozygotes had 
high concentrations of homocysteine compared with controls,126,127 With one 
exception,125 the presence of hyperhomocysteinemia in homozygous homo-
cystinurics86,125 was not paired with greater carotid intima-media thickness compared 
with controls.86,128,129 Apart from the small sample sizes, heterogeneity in the populations 
explains the disparate results. The study that found a positive relation between 
homozygous homocystinuria and increased carotid intima-media thickness included 
younger participants with overt vascular disease and pyridoxine non-responsive 
participants (those responsive to pyridoxine treatment had normal carotid intima-media 
thickness) with remethylation metabolic errors rather than cystathionine β-synthase 
deficiency only.125 
 
In summary, these results suggest that hyperhomocysteinemia is not associated with 
carotid intima-media thickness in homocystinurics. The nature of arteriosclerosis is 
unique in homocystinuria�intimal hyperplasia in the absence of lipid-laden atheromas 
and medial thinning�and has been suggested to explain similar carotid intima-media 
thickness found in homocystinurics compared with controls despite the presence of 
hyperhomocysteinemia.129 Atypical arteriosclerosis may be explained by other disturb-
ances associated with errors in the methionine metabolism. For example, cystathionine 
β-synthase deficiency-related hypocysteinemia is associated with diminished deposition 
of fibrillin-1, a major constituent of elastic microfibrils, in the extracellular matrix.130  
 
Uremia 
Prospective studies in uremic patients demonstrated an independent relation between 
homocysteine and cardiovascular disease morbidity and mortality.131 It is possible that 
hyperhomocysteinemia due to renal impairment will accelerate atherosclerosis although 
some researchers contend that hyperhomocysteinemia is merely a marker of renal 
dysfunction. Indeed, homocysteine is sensitive to changes in renal function as measured 
by glomerular filtration rate, serum creatinine and creatinine clearance132 or due to 
successful renal transplantation.133 In addition to the importance of the kidneys in homo- 
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Figure 2.3 Scatter plot of homocysteine and 
carotid intima-media thickness. 
An illustration of some of the populations described 
in this review, based on mean or median 
homocysteine and carotid intima-media thickness. 
The populations with the highest homocysteine values 
do not necessarily have the greatest carotid intima-
media thickness, e.g. homocystinurics and uremic  
 

 
 
patients. Vice versa, those with the greatest carotid 
intima-media thickness do not necessarily have 
hyperhomocysteinemia, e.g. familial hyper-
cholesterolemia. Abbreviations. SLE systemic lupus 
erythematosus. 

 

 
homocysteine metabolism and clearance, decreased folate levels may lead to 
hyperhomocysteinemia. Loss of folate due to dialysis,134 decreased transmembrane 
transport of folate135 and/or decreased folate conjugase activity136 help explain the often-
suboptimal folate concentrations and subsequent hyperhomocysteinemia in uremic 
patients. Unfortunately, homocysteine is often intractable to treatments that enhance 
remethylation, i.e. folic acid, betaine or serine.91,137,138 This suggests that 
hyperhomocysteinemia in uremia is to a great extent a reflection of extracellular 
accumulation because of renal dysfunction, rather than a perturbed intracellular 
remethylation process.  
 
All studies that compared uremic patients to non-uremic controls confirmed that in 
uremic patients homocysteine concentrations139-146 and carotid intima-media thickness140-

147 were greater; nevertheless, homocysteine was independently associated with carotid 
intima-media thickness in only one study.148 This cross-sectional study excluded subjects 
taking B vitamin supplements so that homocysteine concentrations probably reflected 
the juxtaposition of two types of hyperhomocysteinemia: B vitamin intractable- 
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hyperhomocysteinemia due to renal dysfunction and B vitamin responsive-
hyperhomocysteinemia associated with perturbed remethylation processes. Carotid 
intima-media thickness measurements differed from other studies conducted in uremics: 
severity of atherosclerosis was estimated (i.e. the maximum thickness of any carotid 
segment). That homocysteine may be associated with severity rather than extent of 
atherosclerosis, is supported by a recent cross-sectional study in dialysis patients which 
illustrated that homocysteine was associated with carotid plaque score, but not with 
carotid intima-media thickness.157  
 
Two observational studies examined the relation between homocysteine and carotid 
intima-media thickness in renal transplant recipients.133,155 One case-control study 
demonstrated that renal transplant recipients had greater carotid intima-media thickness 
and homocysteine than healthy controls, however, homocysteine was not associated with 
carotid intima-media thickness.155 The second study examined changes in homocysteine 
and carotid intima-media thickness in 53 patients every three months after renal 
transplantation. All patients attained normohomocysteinemic levels after one year. 
Despite the drastic reduction in homocysteine, no effect of renal transplantation on 
carotid intima-media thickness progression was detected in the group with initial 
homocysteine ≥40 µmol/L. Paradoxically, only patients with normal and moderate levels 
of homocysteine demonstrated a slight decrease in carotid intima-media thickness 
thickening.133 Finally, a randomized double blind controlled trial showed beneficial 
effects of daily B vitamin supplementation (5 mg folic acid, 0.4 mg vitamin B12 and 50 
mg vitamin B6) in 56 stable renal transplant recipients with homocysteine concentrations 
≥15.5 µmol/L and ≥12.5 µmol/L for men and women, respectively.55 Baseline 
homocysteine and carotid intima-media thickness were approximately 20 µmol/L and 
0.86±0.17 mm, respectively. After six months, in the B vitamin group homocysteine 
declined by 64±12% and carotid intima-media thickness regressed 32±13%, whereas in 
the placebo group homocysteine remained at 20 µmol/L and carotid intima-media 
thickness progressed 23±21%. The sudden change in carotid intima-media thickness was 
not accompanied by a decline in blood pressure nor total cholesterol.  
 
In summary, from observation studies there is scarce evidence that homocysteine is 
related to carotid intima-media thickness in uremic patients, although few studies were 
designed to examine this issue specifically. The effects of renal dysfunction on 
atherosclerosis may overshadow any association of homocysteine with carotid intima- 
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Table 2.2 B-mode sonography methodology used in the reviewed studies.a  
   
Carotid intima-media thickness  Segment and positionb  FW & NW
    
    
Homocystinuria  
NG125 CCAc NG FW 
mean86 CCA 

ICA 
BIF 

distal 1 cm 
proximal 1 cm 
NG 

FW & NW
FW 
NG 

mean126 CCA 
ICA 
BIF 

distal 
proximal 
NG 

FW 

mean127 CCA 1 cm proximal to BIF FW 
    
Uremia  
maximum149 CCAd 2-4 cm proximal to BIF FW 
mean and maximum150 CCA 1 cm proximal to BIF, plaque-free FW & NW
mean151 CCA 1 cm proximal to bulb dilatation FW & NW
NG152 CCA distal 1 cm CCA NG 
mean153 CCA distal CCA FW 
mean154 CCA 1 cm proximal to bulb dilatation, plaque-free FW 
mean155 CCA 

BIF 
NG 
NG 

FW 

mean of maximum133 CCA NG FW 
NG55 CCAd  2-4 cm proximal to BIF FW 
mean156 CCA distal CCA NG 
NG 157 CCA 0.5-1 cm proximal to BIF FW 
NG143 CCAe 2 cm proximal to BIF FW 
maximum148 CCA 

ICA 
BIF 

distal 1 cm 
proximal 1 cm 
NG 

NW 

    
Cholesterolemia  
NG158 NGe  NG NG 
NG159 CCAe NG FW 
mean86 CCA 

ICA 
BIF 

distal 1 cm 
proximal 1 cm 
NG 

FW & NW
FW 
NG 

mean and maximum160 CCAc 
BIFc  

distal 1 cm 
proximal 1 cm 

FW 

mean of maximum161 CCA at site of maximum CIMT FW 
    
Diabetes  
mean162 CCA site of max CIMT, 1 cm up and down from maximum FW 
mean163 CCA 1 cm proximal to bulb dilatation, plaque-free FW 
mean164 CCA NG FW 
mean165 CCAc 1 cm proximal to bulb FW 
    
Immune disorders  
NG166 CCAf distal FW 
mean167 CCA 

ICA 
BIF 

distal 1 cm 
distal 1 cm 
distal 1 cm 

FW 
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Table 2.2 (Continued).  
   
Carotid intima-media thickness  Segment and positionb  FW & NW
    
    
mean168 CCA NG FW 
    
Parkinson�s disease   
maximum169 CCAe 

ICAe  
ECAe 
BIFe  

3 cm proximal to flow divider 
distal 1.5 cm 
distal 1.5 cm 
  

FW & NW

    
Suspected or confirmed vascular disease  
mean170 CCA 1 cm proximal to bulb dilatation FW 
mean171 CCA 1 cm proximal to BIF FW 
mean172 CCA 

ICA 
BIF 

1 cm proximal to bulb dilatation 
1 cm distal to flow divider 
1 cm proximal to flow divider 

FW 

NG173 CCA 
ICA 

1 cm below BIF 
1 cm above BIF 

FW & NW

NG54 NG NG NG 
maximum174 CCA 

ICA 
distal 1 cm 
beginning of dilatation until 1 cm distal to tip of flow 
divider 

FW & NW

mean and maximum175 CCA 
BIF 

distal 1 cm 
NG 

FW 

NG176 CCAc 2 cm beneath BIF FW 
NG177 NG NG NG 
    
General population  
mean178 CCAe 1-3 cm proximal to BIF FW & NW
mean179 CCA distal 1 cm, plaque-free FW 
mean180 CCA 

ICA 
BIF 

NG 
NG 
NG 

FW & NW

mean181 CCA NG FW & NW
mean and maximum182 CCA 2 cm proximal to flow divider FW 
mean85,g  NGe  NG NG 
mean and maximum183,g  CCA distal NG 
NG184 NG NG NG 
mean and maximum185 CCA 1 cm proximal to bulb dilation FW & NW
mean of maximum186 CCA 1-2 cm proximal to bulb, upstream to eventual plaque FW & NW
mean187 CCAd 1 cm proximal to BIF FW 
    
a Abbreviations. FW far wall; NW near wall; CCA common carotid artery; NG not given; ICA internal carotid 
artery; BIF carotid bifurcation; ECA external carotid artery. 
b Right and left carotids. 
c Right carotid only. 
d Side with the greatest carotid intima-media thickness. 
e No specification of carotid side. 
f Left carotid only. 
g Data extracted from abstract. 
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media thickness: renal dysfunction has been associated with a unique atherosclerotic 
pathobiology.188 It is also plausible that hyperhomocysteinemia due to extracellular 
accumulation, in contrast with an intracellular remethylation imbalance, does not lead to 
atherosclerosis. The promising findings from a recent trial in hyperhomocysteinemic 
renal transplant recipients that B vitamins lead to carotid intima-media thickness 
regression, needs to be confirmed, also in other types of uremic populations. 
 
Hypercholesterolemia 
Individuals with familial hypercholesterolemia have an increased risk of intimal-medial 
thickening and vascular disease. In an environment of elevated low-density lipoprotein 
(LDL) cholesterol with enhanced interstitial LDL in the intima, it is feasible that 
hyperhomocysteinemia exacerbates the accelerated atherogenesis seen in 
hypercholesterolemic individuals. Familial hypercholesterolemia individuals have LDL 
cholesterol which is less susceptible to oxidation189 and similar auto-antibodies titers to 
oxidized LDL as controls.190 Furthermore, 8-isoprostanes, a product of LDL oxidative 
reactions, is not associated with carotid intima-media thickness in familial 
hypercholesterolemia patients.159 Lastly, neither carotid intima-media thickness nor 
homocysteine is associated with the risk of premature heart disease in familial 
hypercholesterolemia patients.158 
 
Four studies conducted in familial hypercholesterolemia populations measured 
homocysteine and carotid intima-media thickness.86,158-160 Familial hypercholesterolemia 
patients had similar homocysteine to controls. Familial hypercholesterolemia 
homozygotes had increased carotid intima-media thickness compared with 
heterozygotes, and heterozygotes had a thicker intimal-medial wall complex than 
controls. LDL cholesterol was the unanimous predictor of carotid intima-media 
thickness across the studies; homocysteine was not associated with carotid intima-media 
thickness in these populations.86,159 To determine whether hyperhomocysteinemia at an 
early age influences carotid intima-media thickness, one cross-sectional study was 
conducted in children with familial hypercholesterolemia.160 Familial hyper-
cholesterolemia children had similar homocysteine and carotid intima-media thickness to 
controls; however, homocysteine was an independent risk factor for carotid intima-
media thickness.  
 
A cross-sectional study conducted in hypercholesterolemic (≥5.0 mmol/L LDL 
cholesterol) men and postmenopausal women has shown that the mean adjusted carotid 



Homocysteine and carotid intima-media thickness 

 37

intima-media thickness was 0.10 mm greater in the upper homocysteine quartile 
compared with the lower quartiles in men only.161 The population-based homocysteine 
quartiles used (rather than sex-based quartiles) led to a small group of women in the 
highest homocysteine quartile, compromising the power to test this interaction. 
 
LDL cholesterol, and not homocysteine, predicts carotid intima-media thickness in 
familial hypercholesterolemia patients. One could speculate that prolonged exposure to 
hypercholesterolemia might overshadow a relation between homocysteine and carotid 
intima-media thickness, as has been demonstrated in animal studies.191  
 
Diabetes 
In diabetic patients, homocysteine is a more potent risk factor for all-cause mortality 
than in non-diabetics.192 Resistance to postprandial lowering of homocysteine in non-
insulin dependent diabetes mellitus patients193 and increased advanced glycation end-
product receptor concentration194 may in part be responsible for increased susceptibility 
to vascular disease. Unless there is concurrent diabetic nephropathy, homocysteine tends 
to be lower in diabetics than in non-diabetics possibly due to glomerular 
hyperfiltration195 or increased hepatic transsulfuration.196 
 
Two studies in non-insulin dependent diabetes mellitus patients and one study in 
generally healthy men recruited based on insulin sensitivity have not been able to 
demonstrate a relation between homocysteine and carotid intima-media thickness, even 
when the analyses were confined to subjects with increased carotid intima-media 
thickness.162-164 Recently, however, homocysteine was associated with carotid intima-
media thickness in patients with non-insulin dependent diabetes mellitus or subjects with 
impaired glucose tolerance.165 This association was independent of confounders and B 
vitamins. When the authors excluded subjects with known diabetes, the association of 
homocysteine with carotid intima-media thickness persisted.  
 
Immune disorders 
The major cause of morbidity and mortality in patients with systemic lupus 
erythematosus is vascular disease. Premature vascular disease is a consequence of the 
systemic lupus erythematosus disease process, i.e. premature atherosclerosis, vasculitis 
and hypercoagulability, and of systemic lupus erythematosus medications like 
corticosteroid and methotrexate treatment that increase homocysteine concentrations.197 
Hyperhomocysteinemia led to 3.5-fold increase in arterial thrombosis risk and a 2.4-fold 
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increase in stroke risk after adjustment for vascular disease risk factors in systemic lupus 
erythematosus populations.198  
 
One study investigated homocysteine in two systemic lupus erythematosus populations, 
those with and those without arterial disease, compared with population controls.168 
Homocysteine and carotid intima-media thickness were greater in systemic lupus 
erythematosus cases than in the systemic lupus erythematosus controls. Although 
homocysteine was significantly elevated in systemic lupus erythematosus controls, they 
did not have greater carotid intima-media thickness than the population controls; that 
systemic lupus erythematosus does not confer a greater carotid intima-media thickness is 
in agreement with a recent study.199 In a second study, homocysteine was independently 
related to carotid intima-media thickness in the bifurcation and internal carotid artery, 
but not in the common carotid artery in patients with idiopathic antiphospholipid 
antibodies.167 This condition commonly occurs in autoimmune disorders.  
 
Finally, the use of a cocktail of protease and reverse transcriptase inhibitors to treat 
human immunodeficiency virus type 1 (HIV-1) has been associated with an atherogenic 
profile, including lipodystrophy syndrome, hyperlipidemia and insulin resistance. In 
HIV-1 infected patients, homocysteine was not related to carotid intima-media thickness 
after adjustment for conventional cardiovascular risk factors.166 
 
Parkinson�s disease 
L-3,4-dihydroxyphenylalanine (L-DOPA), a drug used for Parkinson�s disease therapy, is 
associated with hyperhomocysteinemia200,201 and has been hypothesized to increase the 
risk of vascular disease in patients with Parkinson�s disease.169 The association of 
homocysteine with carotid intima-media thickness was examined in 100 Parkinson�s 
disease patients treated with L-DOPA, however homocysteine was not associated with 
carotid intima-media thickness.169  
 
Confirmed or suspected vascular disease patient population 
The evidence for an association of hyperhomocysteinemia with increased risk of vascular 
disease is based on observational studies that examine recurrent vascular events.32 In 
addition to these studies,111 the relation between hyperhomocysteinemia and carotid 
intima-media thickness has also been investigated in populations with confirmed or 
suspected vascular disease. 
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A beneficial effect of folic acid (2.5 mg), vitamin B12 (0.5 mg) and vitamin B6 (25 mg) 
daily supplementation for one year on carotid intima-media thickness progression in 
patients with carotid intima-media thickness ≥1 mm has recently been demonstrated.54 
While homocysteine in the placebo group did not change during the course of the year, 
homocysteine decreased from 10.5±3.9 to 6.6±1.5 µmol/L in the active treatment group. 
Carotid intima-media thickness increased in the placebo group by 7.4±19.2% and 
decreased in the active treatment group by 4.2±12.8%. Differences in the rate of 
progression between the groups were detected at six months; increased carotid intima-
media thickness responds quickly to high doses of oral B vitamin supplementation. 
 
Seven observational studies have been conducted in individuals with suspected or 
confirmed cardiovascular complications as based on attendance to vascular disease 
screening programs or laboratories. The relation between homocysteine and carotid 
intima-media thickness was investigated in elderly Japanese men undergoing a 
cardiovascular examination.174 When the group was stratified on the basis of 
hypertension prevalence, non-hypertensives had 5.8-fold increased odds for increased 
carotid intima-media thickness (third vs. first homocysteine tertile, 95% CI 1.24 to 27.1). 
Another study in elderly hospital patients demonstrated that carotid intima-media 
thickness increased per tertile increase in homocysteine.171 In patients sent for vascular 
assessment with an carotid intima-media thickness ≥2 mm or <1.2 mm the odds of 
increased carotid intima-media thickness increased per unit increase in homocysteine 
(odds ratio [OR] 1.11, 95% CI 1.03 to 1.19).173 Demuth and colleagues included 
attendees to a French cardiovascular risk factor screening program with a carotid intima-
media thickness <1.0 mm.176 Carotid intima-media thickness was positively associated 
with homocysteine, age, male gender and total cholesterol (R2=0.291). A small study 
showed a positive correlation (r=0.5-0.7) in post-menopausal women with hypertension, 
although it is unclear if the investigators adjusted for other conventional risk factors for 
vascular disease.177 The remaining two studies did not detect a positive relation between 
homocysteine and carotid intima-media thickness in neurological patients <55 years170 or 
in patients referred for a transthoracic echocardiogram.175  
 
Family members of individuals who develop vascular disease share genetic and 
environmental factors that increase vascular disease risk. A cross-sectional study has 
been conducted in family members of patients with vascular disease or increased carotid 
intima-media thickness.172 In subjects ≥55 years only, carotid intima-media thickness was 



Chapter 2 

 40

significantly greater in subjects with homocysteine ≥9.4 µmol/L compared with those 
with homocysteine <9.4 µmol/L.  
 
In summary, often after examining effect modification (e.g. hypertension or older age), 
homocysteine was associated with carotid intima-media thickness. Subjects with 
suspected or confirmed vascular disease may have undergone dietary and lifestyle 
changes as a consequence of the vascular disease event, perhaps decreasing 
homocysteine levels. In contrast to the inconclusive observational studies, high doses of 
B vitamins led to a drastic and acute effect on carotid intima-media thickness. This trial 
needs to be confirmed and repeated in other types of vascular disease patients.  
 
General population  
Nine studies have been conducted in the general population with few inclusion criteria. 
The first study used baseline data from the Atherosclerosis Risk in Communities 
Study.180 A homocysteine value in the highest quintile (>10.15 µmol/L) increased the 
likelihood 3.5-fold for having increased carotid intima-media thickness compared with 
the lowest quintile (<5.88 µmol/L) (paired OR 95% CI 1.57 to 6.33), however, after 
adjustment for confounders, the OR was no longer statistically significant. The adjusted 
OR for increased carotid intima-media thickness comparing the highest and lowest sex-
specific homocysteine quartile was 2.60 (95% CI 1.51 to 4.45) in an Australian study.179 
In the Rotterdam Study, hyperhomocysteinemia (≥18.6 µmol/L) was associated with a 
0.037 mm increase in carotid intima-media thickness (95% CI 0.0004 to 0.0740 mm) in 
subjects <75 years, however there was no association of homocysteine with carotid 
intima-media thickness in subjects ≥75 years.181 In a Japanese farming community 
survey, homocysteine was an independent predictor of carotid intima-media thickness;178 
subjects in the third and fourth homocysteine quartiles showed a dose-dependent 
increase in carotid intima-media thickness compared with those below the median 
(<10.0 µmol/L). In a second Japanese study, the partial correlation coefficient for 
homocysteine and maximum carotid intima-media thickness ranged between 0.15-0.36 
depending on C677T MTHFR genotype; in the same study, homocysteine was not 
correlated with mean carotid intima-media thickness.185 Finally, homocysteine was not 
associated with either mean or maximum carotid intima-media thickness in British, 
French or Dutch populations.85,182-184 In conclusion, the association between 
homocysteine and carotid intima-media thickness in the general population is often weak 
or absent.  
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Homocysteine is an independent risk factor in two studies conducted in healthy 
populations. In Italian postmenopausal women who met stringent inclusion criteria, a 10 
µmol/L increase in homocysteine was not associated with an increased likelihood of 
having increased carotid intima-media thickness (>1 mm); however, when carotid 
intima-media thickness was analyzed as a continuous variable, 29% of the variation in 
carotid intima-media thickness was attributed to homocysteine.186 Likewise, in a German 
study of 75 healthy men and women, after adjustment for age, body mass index and 
LDL cholesterol, the addition of homocysteine in the regression model explained 
approximately 18% of the variation in adjusted carotid intima-media thickness.187  
 
5,10-Methylenetetrahydrofolate reductase 677C!T polymorphism 
The most common genetic determinant of hyperhomocysteinemia in the general 
population is a C to T substitution at nucleotide 677 in the gene encoding MTHFR. 
Carriers of the MTHFR 677T allele have a decreased specific activity to reduce 5,10-
methylenetetrahydrofolate to 5-methyltetrahydrofolate202 probably due to the 
destabilization of the coenzyme, flavin adenine dinucleotide.203 The polymorphism 
modulates homocysteine response to folate.204  
 
Data from a pooled analysis of almost 30,000 cases of coronary heart disease and 
controls have shown that having the MTHFR 677TT genotype confer a 16% increase in 
risk (95% CI 1.06 to 1.27).78 Although this meta-analysis is viewed as a mainstay for the 
possible pathogenic role of homocysteine in vascular disease, reduced activity of 
MTHFR does not lead solely to hyperhomocysteinemia when folate status is low. 
MTHFR is involved in other enzymatic pathways such as the reduction of quinonoid 
dihydropterins,205 specifically the formation of tetrahydrobiopterin may be important for 
endothelial nitric oxide synthase activity.206 Furthermore, the distribution of folate 
derivatives in TT carriers is shifted: an increase in formylated methyl folates important 
for purine synthesis and a decrease in 5-methyltetrahydrofolate207 important for S-
adenosylmethionine biosynthesis and possibly tetrahydrobiopterin binding to endothelial 
nitric oxide synthase.208 Thus, polymorphic MTHFR has several effects that could 
explain the increased risk of vascular disease conferred to MTHFR 677TT carriers. 
 
Seven out of fourteen studies reported a positive association of MTHFR 677TT 
genotype or 677T allele frequency with extent of arterial thickening.151,186,209-212 Two of 
these studies simultaneously investigated the association of homocysteine and MTHFR 
polymorphism with carotid intima-media thickness, which has led to inconsistent 
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results.151,186 The unexpected finding in which MTHFR and not homocysteine was 
associated with carotid intima-media thickness may be explained by the standard B 
vitamin therapy given to this end-stage renal disease patient population.151 The remaining 
studies failed to show an association of MTHFR 677TT genotype with carotid intima-
media thickness.162,163,169,176,179,185,213 Three studies demonstrated a relation between 
homocysteine and carotid intima-media thickness but not between MTHFR and carotid 
intima-media thickness.176,179,185  
 
It is likely that the MTHFR polymorphism is associated with carotid intima-media 
thickness. An adequate sample size is needed to explore this association properly in 
future research. Furthermore, no studies reported on the attenuation of the association 
of the MTHFR C677T genotype with carotid intima-media thickness when 
homocysteine is entered into the statistical model or to explore the effect of MTHFR in 
low folate groups. 
 
Folate status 
Beneficial effects of folate on vascular disease have conventionally been attributed to its 
homocysteine-lowering ability. However, folate has antioxidant properties that enhance 
the endothelial atheroprotective phenotype by scavenging superoxide radicals and 
potentiating tetrahydrobiopterin in its role as a coenzyme for endothelial nitric oxide 
synthase.208 Folate deficiency triggers NF-κB activation,214 and in apoE deficient mice, 
hyperhomocysteinemic-induced NF-κB activity is decreased when extra B vitamins are 
supplemented.215 Cohort and case-cohort studies suggest that low folate intake34-37 and 
low levels of serum or erythrocyte folate,36-45 independent of homocysteine,37-39 are 
associated with vascular disease morbidity and mortality; however, many of the risk 
estimates did not reach statistical significance. In contrast, in an elderly cohort followed 
for approximately six years, no association was demonstrated with folate status and 
mortality.216 
 
All studies but one183 found no association of folate status with carotid intima-media 
thickness,163,165,173,186,187 even when analysis was confined to the lowest folate values.179 
Normal folate levels in the populations studied may explain the lack of association with 
carotid intima-media thickness; perhaps a threshold of folate deficiency must be attained 
before such an association can be found. 
 
Discussion 
Homocysteine  was  not  related  to  carotid  intima-media  thickness  in  homocystinuric, 
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uremic, cholesterolemic or non-insulin dependent diabetes mellitus patients nor in 
subjects with insulin insensitivity. It is possible that risk factors associated with these 
disorders mask a weaker association of homocysteine with carotid intima-media 
thickness, as probably is the case in familial hypercholesterolemia patients (Figure 2.3). 
In the case of homocystinuria, the nature of atherogenesis may differ from the general 
population due to broader amino acid disturbances. In uremic populations 
hyperhomocysteinemia is mainly a secondary phenomenon of renal dysfunction and may 
not directly relate to atherogenesis. In vascular disease patients and in the general 
population homocysteine is weakly related to carotid intima-media thickness, often only 
after stratifying the population based on e.g. hypertension, age and sex or in populations 
screened on stringent health criteria. Evidence from trials in renal transplant recipients 
and vascular disease patients showing that B vitamins supplementation leads to carotid 
intima-media thickness regression certainly offer a beacon of hope for these patient 
groups. 
 
Combining this evidence, homocysteine may be involved in the early stages (i.e. 
atherosclerosis) and advanced stages of vascular disease (i.e. lesion instability, neointimal 
hyperplasia, thrombosis). It is unlikely that homocysteine is merely a reflection of 
atherosclerotic damage, as one would expect higher homocysteine in individuals with 
greatly increased carotid intima-media thickness as in familial hypercholesterolemia. We 
cannot disregard the possibility that hyperhomocysteinemia is an epiphenomenon of 
renal dysfunction or is an �innocent� covariate of a disturbed methylation process. In 
contrast to the often inconclusive evidence from the observational studies, acute and 
rather strong beneficial effects on carotid intima-media thickness from high doses of 
folic acid, vitamin B6 and vitamin B12 have been demonstrated in two high-risk 
populations. However, strictly speaking, the culprit�hyperhomocysteinemia or low 
levels of B vitamins�leading to increased carotid intima-media thickness can not be 
teased out from these B vitamin trials; trials using methylation enhancers which do not 
affect homocysteine levels (i.e. betaine, serine, S-adenosylmethionine) are needed to 
answer this question. Although most studies have not found an association of folate 
with carotid intima-media thickness, it is possible that low folate concentrations are 
weakly associated with carotid intima-media thickness. Studies including subjects with 
suboptimal folate levels need to be conducted. Data from studies suffering from power 
problems show that the MTHFR 677TT genotype is generally positively associated with 
carotid intima-media thickness. Larger studies and pooled analyses are needed to 
determine if MTHFR C677T polymorphism is indeed associated with carotid intima-  
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Table 2.3 Overview of on-going homocysteine-lowering trials using carotid intima-media thickness as 
an endpoint.a  
   

 FACIT48  DIVINeb  
   
   
Homocysteine-lowering regime 0.8 mg folic acid 2.5 mg folic acid, 25 mg B6, 1 mg B12 
Duration of trial 3 y 2 y 
Number of participants 819 122 
Main eligibility criteria 50-70 y, homocysteine ≥13 µmol/L NIDDM/IDDM, diabetic nephropathy
Intima-media thickness outcome Mean and max CCA Mean CCA 
Intima-media thickness protocol R & L distal CCA, FW & NW R & L distal CCA, FW 
Other endpoints of atherosclerosis Carotid arterial stiffness Carotid plaque progression 
 Carotid plaque areac  
   
a Abbreviations. FACIT Folic Acid and Carotid Intima-media Thickness trial; DIVINe the Diabetic Intervention 
with Vitamins to Improve Nephropathy trial; NIDDM non-insulin dependent diabetes mellitus; IDDM insulin 
dependent diabetes mellitus; CCA common carotid artery; R right; L left; FW far wall; NW near wall. 
b A House. Personal communication.  
c Measurement added after original publication. 
 
media thickness. Nonetheless, these preliminary findings support a role of folate or 
homocysteine in atherosclerosis and vascular disease. 
 
Various carotid intima-media thickness methodologies were employed which impedes a 
meta-analysis based on the results of these studies. This has been a source of critique as 
to the usefulness of carotid intima-media thickness as a surrogate measure of vascular 
disease (Table 2.2).217 Consensus should be reached to create a standardized carotid 
intima-media thickness protocol to facilitate the use, comparison and interpretation of 
carotid intima-media thickness as a surrogate marker. Consensus is required if one is 
interested in the segment-specific susceptibility to hyperhomocysteinemia or in local 
carotid atherosclerosis per se. Since carotid intima-media thickness in all segments predict 
future disease equally well,218 carotid intima-media thickness, used as a marker for risk, is 
not greatly affected by between study differences in methods.  
 
Results from homocysteine-lowering trials using carotid intima-media thickness as an 
outcome offer necessary but not conclusive evidence for the causality of homocysteine 
in atherosclerosis. Two trials, one in hyperhomocysteinemic elderly and the other in 
patients with diabetic nephropathy, are underway (Table 2.3). However, carotid intima- 
media thickness may not fully capture arterial changes due to homocysteine-lowering. 
Although the total arterial wall is involved in atherosclerosis, the intima has been the 
primary arterial wall of interest. Carotid intima-media thickness is dominated by the 
medial  thickness,  the  percentage  of  which  decreases  as  atherosclerosis  progresses.217  
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Arterial morphology associated with hyperhomocysteinemia in animal studies give 
conflicting results on the medial wall219-221 whereas in humans this area has remained 
relatively unexplored.129,221 The only morphological distinction between peripheral 
arterial disease patients with and without hyperhomocysteinemia was a decreased medial 
smooth muscle cell / extracellular matrix ratio, which may lead to a decrease in arterial 
compliance.221 Unfortunately, comparison of the intimal wall between the two groups of 
cardiovascular disease patients was not possible. Whether these findings in often-
occluded biopsies of the muscular femoral artery may be extrapolated to other arterial 
beds including the elastic carotid artery remains to be determined. In conclusion, trials 
using markers of atherosclerosis should consider a combination of structural and 
functional parameters until the mechanisms of pathogenesis of hyperhomocysteinemia 
are solved. 
 
The mechanisms through which hyperhomocysteinemia promote vascular disease 
remain an active area of research. Hyperhomocysteinemia leads to increased oxidative 
stress via the generation of reactive oxygen species which weaken intracellular anti- 
oxidation defense systems222 or elicit intracellular redox controlled inflammation 
responses.223 From cell and animal studies a variety of putative responses which enhance 
atherosclerosis or evoke its complications are thought to stem from the homocysteine- 
mediated oxidative stress hypothesis: inhibition of nitric oxide synthesis and/or 
bioavailability;224,225 proliferation of smooth muscle cell;226 modification of LDL 
cholesterol;227 intimal and neointimal hyperplasia;219,227,228 increased protease219,228 
activity;215,229 activation of NF-κB and proinflammatory markers;215 and thrombosis.215,230 
Other pathogenic mechanisms of homocysteine independent of the �oxidative stress� 
theory, such as generation of homocysteine thiolactone and associated protein 
homocysteinylation231 and generation of asymmetric dimethylarginine, an endogenous 
inhibitor of nitric oxide synthase,232 are currently under investigation. Benefits of 
homocysteine reduction for primary prevention in hyperhomocysteinemic animal 
models include a decreased inflammation and prothrombotic response and increased 
plaque stability,215 but effects on vessel lesion progression215,233 and thickness of the 
intimal and medial arterial wall220,233 are inconsistent. Findings relevant for secondary 
prevention studies suggest that folic acid treatment decreases neointimal formation in a 
rat balloon injury model219 and luminal stenosis in a rat endarterectomy model.234 
 
Well-designed trials are needed to disentangle the possible causal role of 
hyperhomocysteinemia in relation to vascular disease. B vitamin therapy slows down 
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atherogenesis in vascular disease patients as measured by progression of carotid plaque 
area,62,63 however, the effects of B vitamin on rate of coronary restenosis have been 
contradictory52,53 and in uremic patients B vitamin therapy did not affect arterial 
stiffness.91 In the general population, two-year allocation to B vitamin therapy compared 
with placebo therapy showed a protective effect for normal exercise electrocardiography 
test but failed to demonstrate a beneficial effect on carotid or femoral stenosis or ankle-
brachial index.56 Large-scale randomized placebo-controlled clinical trials, which test the 
effects B vitamins on vascular disease hard endpoints are underway.235 The first reports 
are disheartening and some are still to be published. In general, no discernible effects of 
B vitamins on the risk of reoccurring cardiovascular events have been found.59,65 Many 
of these intervention studies may lack power to confirm or refute the homocysteine 
hypothesis; however a future meta-analysis of the evidence from these studies and 
surrogate marker studies relevant for the general population is especially pertinent in 
light of emerging health claims on the protective role of B vitamins in vascular disease.51  
 



 

 47

Chapter 3 
 
 
 
 
 
 

Low concentrations of folate, not hyperhomocysteinemia, are 
associated with increased carotid intima-media thickness 

 
 
 
 
 
 

Jane Durga, Michiel L. Bots, Evert G. Schouten, Frans J. Kok, Petra Verhoef 
 
 
 
 
 
 

Division of Human Nutrition, Wageningen University, Wageningen, The Netherlands 
Wageningen Centre for Food Sciences, Wageningen, The Netherlands 

Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht, 
Utrecht, The Netherlands 

 
 
 
 

Submitted



Chapter 3 

 48

Abstract 
 
Aim We examined whether total homocysteine, B vitamins and the 5,10-
methylenetetrahydrofolate reductase (MTHFR) 677C!T polymorphism are related to 
common carotid intima-media thickness, a marker of atherosclerosis, and carotid 
distension, a marker of arterial stiffness.  
 
Methods We used cross-sectional data from 819 individuals aged 50 to 70 years. B-
mode ultrasound of the distal common carotid arteries was performed to determine 
maximum carotid intima-media thickness, mean carotid intima-media thickness and 
distension.  
 
Results Carotid intima-media thickness and distension did not differ across 
homocysteine, serum folate, vitamin B6 and vitamin B12 quartiles or between MTHFR 
C677T genotype. Erythrocyte folate was independently associated with maximum 
carotid intima-media thickness (mean difference first vs. third quartile, 0.03 mm, 95% CI 
0.004 to 0.06 mm; first vs. fourth quartile, 0.03 mm, 95% CI -0.002 to 0.06 mm). Further 
adjustment for homocysteine did not affect this association. Folate deficient subjects had 
greater maximum carotid intima-media thickness than those with high-normal folate 
concentrations (serum folate: mean difference 0.05 mm, 95% CI 0.01 to 0.08 mm; 
erythrocyte folate: mean difference 0.04 mm, 95% CI -0.03 to 0.11 mm).  
 
Conclusion Low folate concentrations, independent of hyperhomocysteinemia, may 
promote atherogenesis. Our findings confirm the null association of homocysteine with 
carotid intima-media thickness observed in other population-based studies, suggesting 
that hyperhomocysteinemia does not perpetuate atherosclerosis or arterial stiffness.  
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Introduction 
An elevated level of plasma total homocysteine, or hyperhomocysteinemia, is an 
independent risk factor for vascular disease.236 Likewise, determinants of 
hyperhomocysteinemia, such as low concentrations of B vitamin coenzymes involved in 
homocysteine metabolism and a C!T mutation at the 677 base pair of the 
methylenetetrahydrofolate reductase (MTHFR) gene, are also associated with increased 
risk of vascular disease.36,78,237 It is unclear whether hyperhomocysteinemia or low 
concentrations of B vitamins are atherogenic per se or conduce factors that trigger 
vascular disease to occur in the presence of atherosclerosis (e.g. imbalance in 
hemostasis).  
 
A recent review has summarized more than fifty studies that have examined the 
association of homocysteine with carotid intima-media thickness,238 a marker of 
atherosclerosis and a valid surrogate marker of vascular disease.239 Few studies 
conducted in the general population have demonstrated weak positive associations 
between homocysteine and carotid intima-media thickness, and often only in sub-
samples such as normotensives174 or men.161 In contrast, folate status or intake, vitamins 
B12 and B6 status and the C677T MTHFR polymorphism have not been associated with 
carotid intima-media thickness in the general population.238 These findings may in part 
be due to small sample sizes and the adequate B vitamin status in the study populations.  
 
Arterial stiffness has been less utilized in epidemiological research. Arterial stiffness has 
been associated with age-related arterial changes, atherosclerosis and vascular disease.240 
Studies have reported null associations of homocysteine with arterial stiffness in the 
general population.85,87,143,241 A small study conducted in women demonstrated that 
MTHFR 677TT homozygotes had higher end diastolic velocity of the common carotid 
artery (n=120),186 however, a larger study has shown no relation between MTHFR 677T 
allele frequency and aortic pulse wave velocity (n=1160).85 No studies to our knowledge 
have reported on the association of B vitamins with arterial stiffness in the general 
population.  
 
In this paper we test the hypothesis that elevated homocysteine, MTHFR 677TT 
genotype, and low concentrations of B vitamins constitute risk factors for 
atherosclerosis, as measured by common carotid intima-media thickness and carotid 
distension, in older subjects with increased concentrations of homocysteine.  
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Methods 
Subjects  
Data are from 819 men and post-menopausal women aged 50 to 70 years who were 
participating in the Folic Acid and Carotid Intima-media Thickness (FACIT) study, a 
trial investigating whether folic acid supplementation can halt the progression of 
atherosclerosis. Major exclusion criteria were homocysteine <13 µmol/L, vitamin B12 
<200 pmol/L, no renal or thyroid diseases and no current use of B vitamin supplements 
or medications that influence folate metabolism or carotid intima-media thickness 
progression (e.g. lipid-lowering and hormone replacement therapies). The Medical 
Ethics Committee of Wageningen University approved the study and subjects gave 
written informed consent.  
 
Blood measurements  
Fasting venous blood was collected, directly processed and stored at -80ºC until 
determination. Erythrocyte and serum folate and serum vitamin B12 were measured using 
a chemiluminescent immunoassay (Immulite® 2000, Diagnostic Products Corporation). 
Erythrocyte folate was determined in duplicate. Plasma homocysteine was determined 
with HPLC and fluorimetric detection.242 Serum creatinine and lipids were determined 
using Hitachi® 747 (Roche). We defined hypercholesterolemia as total cholesterol >6.5 
mmol/L, high-density lipoprotein cholesterol <0.9 mmol/L or use of lipid-lowering 
medication. Vitamin B6 was measured by HPLC. C-reactive protein was determined with 
ELISA using polyclonal antibodies (Dako). The C677T MTHFR genotype was 
determined by PCR of DNA and restriction enzyme digestion with HinFl. Intra and 
inter assay variation coefficients for laboratory analyses were <15%. 
 
Carotid ultrasound   
High-resolution B-mode carotid ultrasonography was performed with a 7.5 MHz linear-
array transducer (ATL UltraMark IX). In a dark quiet room the subject was in supine 
position with his head tilted 45º in the direction opposite of the carotid being measured. 
Longitudinal images of the distal common carotid arteries were obtained at four 
predefined angles of 30º steps (90º to 180º on the right side and 270º to 180º on the left 
side). Images were frozen on the top of the R-wave of the electrocardiography and 
recorded on VHS tape. The mean and mean of the maximum distance of the near and 
far wall of the distal 10 mm of the right and left common carotid arteries was 
determined using an automated edge detection program. Lumen diameter was estimated 
as the mean distance between the leading edge of the intima-lumen interface and the 



Folate and risk of cardiovascular disease 

 51

lumen-intima interface. At an angle deemed by the sonographer to give the best 
visualization of the arterial walls, an M-line was placed at the measurement site. In M-
mode, the sonographer recorded carotid artery pulsation for approximately three 
seconds. The relative distension of the carotid artery was calculated as the absolute 
change in lumen diameter relative to its end-diastolic diameter was calculated. The 
average of three measurements per side was calculated.  
 
Ultrasound examination was performed in duplicate within three weeks; the average was 
used for analyses. The same sonographer performed both examinations in 91% of the 
subjects. A single reader interpreted all images. The mean difference (± standard 
deviation [SD]) between the sonographers was 0.09 mm (±0.10 mm) for maximum 
carotid intima-media thickness, 0.05 mm (±0.04 mm) for mean carotid intima-media 
thickness and 0.02 mm (±0.03 mm) for distension. The intraclass correlation coefficient 
for maximum carotid intima-media thickness was 0.90 for sonographer 1 and 0.88 for 
sonographer 2, for mean carotid intima-media thickness was 0.96 for both sonographers 
and for distension was 0.77 for sonographer 1 and 0.88 for sonographer 2. Both 
sonographers and the reader were blinded to participants� homocysteine values. 
 

Other measurements  
A self-reported medical history, smoking and physical activity habits243 were attained by 
questionnaire and reviewed by a trained research assistant. A participant was considered 
to have prevalent vascular disease if he had been diagnosed with angina pectoris, 
myocardial infarction, arrhythmia, stroke, or peripheral arterial disease or if he had 
undergone certain palliative procedures (balloon angioplasty, coronary bypass surgery or 
aortic aneurysm surgery). Height and weight were measured and body mass index (BMI) 
(kg/m2) was calculated. Blood pressure was measured using an automated meter 
(Dinamap® Compact Pro 100, General Electric) in supine position, while the participant 
underwent the ultrasound examination. The average of eight measurements was taken. 
We defined hypertension as systolic blood pressure ≥160 mmHg, diastolic blood 
pressure ≥95 mmHg or use of antihypertensive medication. Mean arterial pressure was 
calculated by the following formula: diastolic blood pressure + 1/3 · (systolic blood 
pressure � diastolic blood pressure). A food frequency questionnaire estimated folate 
intake and alcohol intake in the past three months. Food items and portion sizes used by 
men and women aged 50 to 70 years were derived from the Dutch Nutrition Survey.244 
Two typists, blinded to study information, separately entered all data. 
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Statistical analysis  
Statistical analyses were performed using SPSS 11.0 for Windows. Depending on the 
distribution of the variable, results are expressed as mean ± SD or median (interquartile 
range). We performed multivariate regression analyses adjusted for sex and age to 
determine the linear relationship between independent variables and carotid intima-
media thickness. Univariate general linear model was used to calculate maximum and 
mean carotid intima-media thickness and distension per quartile of homocysteine and B 
vitamins, per B vitamin deficiency status and per MTHFR C677T genotype. Initially, 
crude associations were examined. Age and sex, and then risk factors for vascular disease 
(lipids, blood pressure, creatinine, use of antihypertensive or lipid-lowering therapy, 
current smoking status, smoking pack-years, body mass index and prevalence of diabetes 
mellitus) were subsequently added to the regression models. Because of the high 
correlation between diastolic blood pressure, systolic blood pressure and mean arterial 
pressure and between low-density lipoprotein (LDL) cholesterol and total cholesterol we 
entered systolic blood pressure and LDL cholesterol in models for carotid intima-media 
thickness and mean arterial pressure and LDL cholesterol in models for distension 
(rS>0.90). To investigate if elevated concentrations of homocysteine or C-reactive 
protein may mediate the association between low B vitamins and carotid intima-media 
thickness and distension, we subsequently entered homocysteine and C-reactive protein 
in the model. We used the Kruskal-Wallis test, followed by the Mann Whitney test to 
determine whether MTHFR 677T allele frequency was associated with high 
concentrations of homocysteine and low concentrations of folate. Only age and sex 
adjusted analyses were conducted when studying the association between MTHFR 
C677T genotype and carotid intima-media thickness. Because the MTHFR 677T allele is 
associated with hyperhomocysteinemia when folate status is low, we stratified the 
population based on folate status. Statistical significance was defined as p<0.05 (two-
tailed). 
 
Results  
Characteristics of the population are shown in Table 3.1. The median homocysteine 
concentration in this population was 12.9 µmol/L (interquartile range 11.5 to 14.7 
µmol/L). The median homocysteine and vitamin B12 of the population at baseline were 
lower than at screening. The low correlation between screening and study values of 
homocysteine and vitamin B12 indicates high intra-individual variability (homocysteine 
rS=0.49 [95% CI 0.41 to 0.54], vitamin B12 rS=0.77 [95% CI 0.74 to 0.80]). Therefore, we  
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Table 3.1 Characteristics of study population (n=819). 
   
  Mean (standard deviation)  
  Median (interquartile range) 
   

   
Demographics   
 Age, years 60 ± 6 
 % Male 72 
   
Markers of vascular disease  
 Mean carotid intima-media thickness, mm 0.83 ± 0.13 
 Maximum carotid intima-media thickness, mm 1.02 ± 0.17 
 Carotid distension, mm 0.63 ± 0.17 
 Lumen diameter, mm 6.09 (5.66 to 6.63) 
 Lumen diameter for distension, mm 6.23 (5.75 to 6.81) 
 Mean arterial pressure, mmHg 100 ± 11 
 % Vascular disease 12 
   
Clinical   
 Homocysteine, study commencement, µmol/L 12.9 (11.5 to 14.7) 
 Mean homocysteine, screening & study commencement, µmol/L 13.8 (12.8 to 15.4) 
 % 5,10-methylenetetrahydrofolate reductase 677 CC / CT / TT 38 / 47 / 15 
 Serum folate, nmol/L 12 (10 to 15) 
 Erythrocyte folate, nmol/L 659 (515 to 818) 
 Vitamin B12, pmol/L 289 (242 to 264) 
 Vitamin B6, nmol/L 32 (24 to 42) 
 Creatinine, µmol/L  93 ± 12 
 Total cholesterol, mmol/L 5.8 ± 1.1 
 High-density lipoprotein cholesterol, mmol/L 1.2 ± 0.4 
 Low-density lipoprotein cholesterol, mmol/L 4.0 ± 1.0 
 Triglycerides, mmol/L 1.2 (0.8 to 1.6) 
 % Hypercholesterolemia 36 
 Systolic blood pressure, mmHg 133 ± 16 
 Diastolic blood pressure, mmHg 77 ± 8 
 % Hypertension 22 
 C-reactive protein, mg/L 1.11 (0.59 to 2.31) 
 Body mass index, kg/m2 27 ± 4 
 % Diabetes mellitus 3 
   
Lifestyle   
 % Current smokers 20 
 Folate intake, µg/d 194 (159 to 240) 
 Alcohol intake, g/d 13 (4 to 24) 
   
 

used the mean of screening and study values for further analyses. The prevalence of 
erythrocyte folate, serum folate or vitamin B6 deficiency was 2.4%, 8.9% and 13.2%, 
respectively (cut-off: erythrocyte folate ≤305 nmol/L, serum folate ≤7 nmol/L, 
vitaminB6  ≤20 nmol/L).245 The  MTHFR  677T  allelic  distribution did not  significantly 
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Table 3.2 Age and sex adjusted partial correlation coefficients of maximum carotid intima-media 
thickness and carotid distension (n=819). 

   
 Partial correlation coefficient 

  
Variablesa Maximum intima-media thickness Distension 
   

   
Age -0.40* -0.08* 
Sex -0.22* -0.02� 
Lumen diameter -0.40* -0.01� 
Mean arterial pressure -0.19* -0.03� 
Homocysteine -0.04� -0.01� 
5,10-methylenetetrahydrofolate reductase 677C!T -0.02� -0.01� 
Serum folate -0.02� -0.03� 
Erythrocyte folate -0.05� -0.01� 
Vitamin B12 -0.01� -0.01� 
Vitamin B6 -0.08* -0.01� 
Folate intake -0.08* -0.02� 
Alcohol intake -0.08* -0.04� 
Creatinine  -0.07* -0.08* 
Total cholesterol -0.04� -0.04� 
High-density lipoprotein cholesterol -0.13* -0.01� 
Low-density lipoprotein cholesterol -0.06� -0.04� 
Triglycerides -0.09* -0.02� 
Hypercholesterolemia -0.11* -0.02� 
Systolic blood pressure -0.28* -0.10* 
Diastolic blood pressure -0.09* -0.13* 
 Hypertension -0.16* -0.02� 
C-reactive protein -0.05� -0.05� 
Body mass index -0.15* -0.06� 
Current smoking -0.03� -0.02� 
Smoking pack-years -0.15* -0.04� 
Vascular disease -0.14* -0.02� 
Diabetes mellitus -0.16* -0.01� 

   
* p<0.05. 
a Variables coded 0. Women, MTHFR 677CC genotype, no hypertension nor hypercholesterolemia, never 
smoker, no vascular disease or diabetes mellitus. 
 
differ from the calculated expected distribution, assuming a Hardy-Weinberg 
equilibrium. The percentage of MTHFR 677TT genotype (15%) was higher than in the 
general Dutch population (10%),39 a likely consequence of our homocysteine inclusion 
criteria. 
 
Although maximum and mean carotid intima-media thickness were highly correlated 
(rP=0.91, p<0.001) and shared similar risk factors, the association between the 
explanatory variables and carotid intima-media thickness was generally stronger for 
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maximum carotid intima-media thickness than mean carotid intima-media thickness. 
Distension was correlated with maximum and mean carotid intima-media thickness 
(rS=0.11, p=0.002, rS=0.16, p<0.001 respectively) but with few other variables (Table 
3.2). Age, sex and body mass index were independent determinants of distension (data 
not shown). However, neither homocysteine nor the B vitamins were related to 
distension (Table 3.3). 
 
Maximum carotid intima-media thickness in subjects in the upper quartile of the 
homocysteine distribution was average 0.04 mm greater than those in the lowest 
homocysteine quartile (95% CI 0.01 to 0.08 mm). After adjusting for age and sex or 
additional confounders, maximum carotid intima-media thickness did not differ 
substantially between the homocysteine quartiles (Table 3.3). 
 
When the population was divided into quartiles of B vitamin status, belonging to the 
lowest quartile of serum folate (≤9 nmol/L) was not paired with a greater mean or 
maximum carotid intima-media thickness in either crude or adjusted analyses (Table 3.3). 
Subjects in the lowest erythrocyte folate quartile (≤514 nmol/L) had slightly greater 
maximum carotid intima-media thickness than the rest of the population. Differences in 
carotid intima-media thickness between the erythrocyte folate quartiles increased after 
adjustment for age and sex. After adjustment for confounders, differences weakened but 
remained statistically significant (first vs. third quartile, 0.03 mm, 95% CI 0.004 to 0.06 
mm; first vs. fourth quartile, 0.03 mm, 95% CI -0.002 to 0.06 mm). Further adjustment 
for homocysteine or C-reactive protein concentrations did not affect this association. 
Similarly, in crude and age and sex adjusted analyses, subjects in the lowest quartile of 
vitamin B6 had a greater carotid intima-media thickness than subjects in the highest 
quartile. This association disappeared when confounders were entered into the 
regression model. Finally, vitamin B12 concentrations were not associated with carotid 
intima-media thickness, although subjects in the highest tertile of the vitamin B12 
distribution tended to have increased carotid intima-media thickness in all analyses.  
 
To examine whether B vitamins needed to reach a critical low before an association 
between the B vitamins and carotid intima-media thickness can be detected, we stratified 
the population based on B vitamin deficiency. Subjects deficient in either serum or 
erythrocyte folate had on average a greater maximum carotid intima-media thickness 
than those with high-normal folate concentrations (mean difference adjusted for age and 
sex: serum folate deficient vs. low-normal 0.05 mm, 95% CI 0.01 to 0.09 mm, deficient  
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Table 3.3 Mean values of maximum carotid intima-media thickness (CIMT) and carotid distension in 
mm per homocysteine and B vitamin quartile and per folate status, adjusted for age and sex (n=819). 
           
  Maximum intima-media thickness and distension (95% confidence interval) Ptrend
           
           

Quartilesa 1 2 3 4  
           

Homocysteine          
 Maximum CIMT 1.01 (0.99 to 1.03) 1.03 (1.01 to 1.05) 1.02 (1.00 to 1.04) 1.03 (1.00 to 1.05) 0.254
 Distension 0.62 (0.60 to 0.64) 0.64 (0.61 to 0.66) 0.65 (0.62 to 0.67) 0.63 (0.61 to 0.65) 0.808

          
Serum folate          
 Maximum CIMT 1.03 (1.01 to 1.05) 1.01 (0.99 to 1.03) 1.01 (0.99 to 1.03) 1.03 (1.01 to 1.05) 0.501
 Distension 0.63 (0.61 to 0.65) 0.63 (0.61 to 0.65) 0.64 (0.62 to 0.66) 0.64 (0.61 to 0.66) 0.420

          
Erythrocyte folate          
 Maximum CIMT 1.05 (1.03 to 1.07) 1.02 (0.99 to 1.04) 1.01 (0.98 to 1.03) 1.01 (0.99 to 1.03) 0.184
 Distension 0.63 (0.61 to 0.65) 0.64 (0.62 to 0.66) 0.64 (0.62 to 0.66) 0.62 (0.60 to 0.65) 0.845

          
Vitamin B12          
 Maximum CIMT 1.01 (0.99 to 1.03) 1.01 (0.99 to 1.03) 1.03 (1.01 to 1.05) 1.03 (1.01 to 1.06) 0.344
 Distension 0.62 (0.60 to 0.64) 0.64 (0.61 to 0.66) 0.64 (0.61 to 0.66) 0.64 (0.62 to 0.66) 0.840

          
Vitamin B6          
 Maximum CIMT 1.04 (1.02 to 1.06) 1.01 (0.99 to 1.03) 1.03 (1.01 to 1.04) 1.00 (0.98 to 1.03) 0.028
 Distension 0.63 (0.60 to 0.65) 0.64 (0.62 to 0.66) 0.63 (0.61 to 0.65) 0.64 (0.62 to 0.66) 0.773
           
           

Vitamin statusb  Deficient Low-normal High-normal 
         
Serum folate         
 Maximum CIMT   1.04 (1.01 to 1.08) 1.02 (1.00 to 1.03) 1.02 (1.01 to 1.03) 
 Distension   0.62 (0.58 to 0.66) 0.63 (0.61 to 0.65) 0.64 (0.62 to 0.66) 

         
Erythrocyte folate         
 Maximum CIMT   1.06 (0.99 to 1.12) 1.05 (1.02 to 1.07) 1.01 (1.00 to 1.03) 
 Distension   0.59 (0.52 to 0.67) 0.64 (0.61 to 0.66) 0.63 (0.62 to 0.65) 

         
Vitamin B6 status         
 Maximum CIMT   1.04 (1.01 to 1.07) 1.02 (1.00 to 1.04) 1.02 (1.00 to 1.03) 
 Distension   0.63 (0.60 to 0.66) 0.63 (0.61 to 0.66) 0.63 (0.62 to 0.65) 
           
a Quartile cut-off (upper limit). Homocysteine ≤11.5 µmol/L, 12.9 µmol/L, 14.6 µmol/L; Serum folate ≤9 
nmol/L, 11 nmol/L, 14 nmol/L; Erythrocyte folate ≤514 nmol/L, 659 nmol/L, 817 nmol/L; Vitamin B12 ≤242 
pmol/L, 288 pmol/L, 364 pmol/L; Vitamin B6 ≤24 nmol/L, 31 nmol/L, 41 nmol/L. 
b Serum folate status: Deficient ≤7 nmol/L, n=73; Low-normal 8-11 nmol/L, n=319; High-normal ≥12 nmol/L, 
n=427. Erythrocyte folate status: Deficient ≤305 nmol/L, n=20; Low-normal 306-500 nmol/L, n=169; High-
normal ≥501 nmol/L, n=630. Vitamin B6 status: Deficient ≤20 nmol/L, n=108; Low-normal 21-30 nmol/L, 
n=255; High-normal ≥31 nmol/L, n=456. 
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vs. high-normal 0.05 mm 95% CI 0.01 to 0.08 mm; erythrocyte folate deficient vs. high-
normal 0.04 mm, 95% CI -0.03 to 0.11 mm, low-normal vs. high-normal 0.03 mm, 95% 
CI 0.01 to 0.06 mm) (Table 3.3). Differences weakened and were no longer statistically 
significant after adjustment for confounders. Subjects with vitamin B6 deficiency did not 
have an increased carotid intima-media thickness.  
 
Subjects with the MTHFR 677TT genotype had on average greater homocysteine and 
lower folate concentrations than subjects with the MTHFR 677CC genotype, even 
though folate intake was similar between genotypes (data not shown). The MTHFR 
677T allele was not associated with increased carotid intima-media thickness or 
decreased distension (Table 3.4). 
 
Discussion  
In our study folate deficiency was associated with increased carotid intima-media 
thickness, a marker of atherosclerosis and vascular disease. This is the first report 
showing an inverse association between folate and carotid intima-media thickness, 
probably because we included subjects in our study with suboptimal folate status. 
Furthermore, the association between folate and carotid intima-media thickness was 
independent of homocysteine. Homocysteine, on the other hand, was associated with 
carotid intima-media thickness in crude analyses but not after adjustment for risk factors 
of vascular disease. Our study had enough power (β=0.20) to detect a correlation of 
r=0.10 between homocysteine and carotid intima-media thickness, three-fold lower in 
magnitude than correlations published from other studies conducted in the general 
population with similar homocysteine median and homocysteine variance as our own 
study.178,185 Vitamin B6 and vitamin B12 were not independently associated with carotid 
intima-media thickness or distension, in agreement with other reports.179,186,238  
 
The association between homocysteine and maximum and mean carotid intima-media 
thickness in the general population is absent in The Netherlands and weak worldwide.238 
Some investigators found an association after stratifying their population based on risk 
factor prevalence. In a Finnish population-based study a positive association between 
homocysteine and carotid intima-media thickness (0.01 mm difference in carotid intima-
media thickness between homocysteine <11.5 µmol/L and ≥11.5 µmol/L) in men but 
not in women was found.161 When we stratified the population based on sex, 
homocysteine was not associated with carotid intima-media thickness in men whereas 
women in the highest homocysteine quartile had on average 0.05 mm greater carotid  
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Table 3.4 Mean values of maximum carotid intima-media thickness (CIMT) and carotid distension in 
mm per MTHFR 677C!T genotype stratified by folate status, adjusted for age and sex. 
         
  Mean (95% confidence interval) Ptrend 
         
         

MTHFR 677C!T genotype CC CT TT  
        
Serum folatea        
  <50 percentile        
 Maximum CIMT 1.00 (0.98 to 1.03) 1.03 (1.00 to 1.05) 1.03 (1.00 to 1.07) 0.378 
 Distension 0.62 (0.59 to 0.64) 0.64 (0.62 to 0.66) 0.64 (0.60 to 0.67) 0.373 

        
  >50 percentile        
 Maximum CIMT 1.03 (1.01 to 1.06) 1.01 (0.99 to 1.04) 1.03 (0.98 to 1.07) 0.497 
 Distension 0.64 (0.61 to 0.67) 0.64 (0.62 to 0.67) 0.62 (0.57 to 0.67) 0.806 

        
        
Erythrocyte folateb        
  <50 percentile        
 Maximum CIMT 1.03 (1.00 to 1.05) 1.03 (1.01 to 1.05) 1.05 (1.01 to 1.09) 0.634 
 Distension 0.62 (0.59 to 0.65) 0.65 (0.63 to 0.67) 0.63 (0.59 to 0.67) 0.314 

        
  >50 percentile        
 Maximum CIMT 1.02 (0.99 to 1.04) 1.01 (0.98 to 1.03) 1.02 (0.98 to 1.06) 0.828 
 Distension 0.64 (0.61 to 0.66) 0.63 (0.60 to 0.66) 0.63 (0.59 to 0.67) 0.947 
         
a Serum folate. <50 percentile (≤11.7 nmol/L) CC n=144, CT n=192, TT n=76; >50 percentile CC n=168, CT 
n=186, TT n=49. 
b Erythrocyte folate. <50 percentile (≤659 nmol/L) CC n=133, CT n=215, TT n=59; >50 percentile CC n=179, 
CT n=163, TT n=66. 

 
intima-media thickness (95% CI 0.001 to 0.11 mm, Ptrend=0.032) compared with women 
in the lowest quartile (data not shown). In Japan, Okamura and colleagues detected a 
significant relationship between homocysteine and increased carotid intima-media 
thickness in normotensives (odds ratio 5.8, 95% CI 1.2 to 27.1) but not in 
hypertensives.174 Hypertension did not modify the association between homocysteine 
and carotid intima-media thickness in our data. 
 
In our study, distension was not associated with homocysteine, B vitamins or the 
MTHFR C677T polymorphism nor was distension related to many other study variables. 
The reliability of the duplicate distension measurements was high (r ≅ 0.8) and difference 
between sonographers was low (0.02 mm). Although our results agree with de Bree and 
Lambert,85,87 we suspected that elevated homocysteine and low folate would be 
associated with arterial stiffness based on human and animal studies. Biopsies from 
femoral arteries in hyperhomocysteinemic compared with normohomocysteinemic 



Folate and risk of cardiovascular disease 

 59

patients with occlusive peripheral vascular disease had a reduced smooth muscle 
cell/extracellular matrix ratio, which suggests that hyperhomocysteinemia is paired with 
greater arterial stiffness.221 Rats on a folate-deplete diet compared with controls had 
lower carotid distension,246 however folic acid supplementation did not affect markers of 
arterial stiffness in hyperhomocysteinemic mini-pigs.233 Other animal models have 
shown an inverse association between homocysteine and measures of arterial 
stiffness.247,248 In patients with end-stage renal disease, one-year supplementation with 
folic acid did not improve carotid distensibility.91 
 
Is a ~0.05 mm greater carotid intima-media thickness associated with low folate 
concentrations of clinical significance? It resembles a five-year difference in age, given 
that carotid intima-media thickness progresses approximately 0.01 mm per year.249 
Furthermore, data from a similar Dutch population as our own has shown that for every 
0.16 mm increase in carotid intima-media thickness, risk of myocardial infarction and 
risk of stroke increased by 50% and by 40%, respectively.250 In our data, maximum 
carotid intima-media thickness was more often associated with the biochemical variables 
than mean carotid intima-media thickness, although both carotid intima-media thickness 
measurements were highly correlated. It is plausible that maximum carotid intima-media 
thickness more accurately captures the severity of atherosclerosis, considering that 
atherosclerotic changes are focal rather than diffuse. 
 
Carotid intima-media thickness has been responsive to B vitamin intervention in 
vascular disease patients with carotid intima-media thickness ≥1 mm. Daily 
supplementation with folic acid, vitamin B12 and vitamin B6 for one year led to carotid 
intima-media thickness regression by 4.2±12.8% whereas in the placebo group carotid 
intima-media thickness increased by 7.4±19.2%.54 Similar findings have also been 
reported in renal transplant recipients with hyperhomocysteinemia.55  
 
The greater risk of vascular disease morbidity and mortality associated with low 
concentrations of folate and increased homocysteine may originate from possible 
pathogenic effects on the coagulation or inflammation systems. We have shown that the 
association between folate deficiency and increased carotid intima-media thickness was 
independent of C-reactive protein. In the first 276 participants enrolled in FACIT, we 
have shown that C-reactive protein, fibrinogen and hemostasis markers did not respond 
to one-year folic acid supplementation (0.8 mg/d).109 
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Our findings support a pathogenic role of low folate, independent of homocysteine 
concentrations, in atherosclerosis. Clinical trials have already shown that carotid intima-
media thickness quickly responds to B vitamin treatment in patient populations. 
Whether B vitamins decrease risk of vascular disease is currently under investigation.236  
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Abstract 
 
Background Low folate status has been associated with cognitive decline.  
 
Aim We investigated the association of folate status and the 5,10-methylene-
tetrahydrofolate reductase (MTHFR) 677C!T polymorphism with performance on a 
battery of neuropsychological tests. Furthermore, we investigated whether the 
association of folate with cognitive performance was mediated by plasma homocysteine 
or risk of vascular disease.  
 
Methods We used cross-sectional data from 818 individuals aged 50 to 70 years old. 
 
Results Low concentrations of erythrocyte folate but not serum folate were associated 
with poor performance on complex speed and memory tasks, independent of 
educational level and conventional risk factors of vascular disease. These associations 
were not mediated by homocysteine concentrations or carotid intima-media thickness. 
Subjects with the MTHFR 677TT genotype tended to perform better on cognitive tasks 
than CC/CT subjects, although this was significant for sensorimotor speed only 
(differences in Z-scores between MTHFR 677TT homozygotes and CC homozygotes  
-0.15, 95% CI -0.30 to 0.00).  
 
Conclusion Low concentrations of erythrocyte folate are associated with decreased 
cognitive performance, possibly through a homocysteine-independent mechanism such 
as DNA infidelity and mitochondrial decay.  
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Introduction 
Many individuals experience a decline in cognitive abilities as they grow older. In order 
to slow down or prevent this kind of cognitive decline, one needs to understand the 
factors that explain differences in the rate of cognitive decline with age between people. 
Nutritional factors that decrease with increasing age, like decreasing B vitamin 
concentrations, may help explain these variations.93  
 
The B vitamins, specifically folate, have been implicated in neurological disorders, 
including those associated with cognitive disorders. Consumption of a folate-deplete diet 
for three months was associated with forgetfulness, paranoia and irritability.251 These 
symptoms resided once folate in the diet was replenished. Likewise, in patients with 
deficient B vitamin levels or inborn errors of one-carbon metabolism, folate 
supplementation improved cognitive function.252-259 Evidence from trials on the effect of 
folic acid supplementation on cognitive function in the general population is still 
inconclusive.94 Many trials employed small study populations, lacked a control group or 
placebo treatment, allocated multiple interventions such that the effect of folate can not 
be delineated or employed rather insensitive tests, like the Mini-Mental Screening 
Examination.47,95-100 
 
Several mechanisms may explain an association between folate and cognitive function. 
Recent evidence suggests that folate has antioxidant workings108 and 10-
formyltetrahydrofolate may help retain mitochondrial bioenergetic efficiency.260 Low 
levels of folate have been speculated to impair methionine biosynthesis and S-
adenosylmethionine production, thereby limiting methylation capacity.92 Indeed, 
increased oxidative stress, mitochondrial bioenergetic inefficiency and hypomethylation 
have been linked to the aging and diseased brain.261 The association between folate and 
cognitive performance may also be explained by increased concentrations of plasma 
homocysteine, a possible neurotoxic substance.262-265 Both low folate concentrations and 
elevated homocysteine concentrations have been associated with increased risk of 
vascular disease,32,36 which in turn has been implicated in decreased cognitive 
performance.266-269 Whether the link between vascular disease and decreased cognitive 
function is explained by low concentrations of folate is unclear. 
 
The common 5,10-methylenetetrahydrofolate reductase 677C!T polymorphism may 
give insight into the relation between folate and cognitive performance. The MTHFR 
677TT genotype is associated with a decrease in MTHFR activity in vitro compared with 
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the wild type enzyme.202 MTHFR 677TT homozygotes compared with CC homozygotes 
are thought to have a higher formyl : methyl tetrahydrofolate derivative ratio,207 hence a 
lower methylation capacity as indicated by elevated concentrations of homocysteine. 
Conversely, higher 10-formyltetrahydrofolate concentrations may salvage mitochondrial 
bioenergetic efficiency260 and prevent cytotoxicity270 and apoptosis.271 Few studies have 
reported on the nature of the association of MTHFR C677T polymorphism with 
cognitive function. These studies were small and did not detect an association of 
MTHFR C677T polymorphism with high intelligence in children272,273 or in older 
adults.273  
 
In this study we examine the association of folate status with cognitive performance on a 
battery of tests probing different neuropsychological domains that tend to decline with 
age. We investigated whether the association between folate status and cognitive 
performance was mediated by homocysteine or risk of vascular disease, as measured by 
carotid intima-media thickness and carotid distension. Finally, we examined the 
relationship between MTHFR C677T polymorphism and cognitive performance.  
 
Methods  
Subjects  
Data come from 819 men and post-menopausal women aged 50 to 70 years participating 
in the Folic Acid and Carotid Intima-media Thickness (FACIT) study, a single-center 
double blind randomized control trial investigating whether folic acid supplementation 
reduces the risk of cardiovascular disease, as measured by carotid intima-media 
thickness. Major exclusion criteria were homocysteine <13 µmol/L, vitamin B12 <200 
pmol/L, renal or thyroid diseases and use of B vitamin supplements or medications that 
influence folate metabolism or atherosclerotic progression (e.g. lipid-lowering and 
hormone replacement therapies). The Medical Ethics Committee of Wageningen 
University approved the study and subjects gave written informed consent.  
 
Cognitive function 
Cognitive function was assessed using five separate tests: the Word Learning test, the 
Concept Shifting test, the Stroop Color-Word test, Verbal Fluency test and the Letter 
Digit Substitution test. The Word Learning task measures the storage and retrieval of 
newly acquired verbal material. Fifteen monosyllabic words are visually presented in a 
sequence, for two seconds each. The subjects are asked to recall the words immediately 
after each of the 3 presentation trials (immediate recall). Twenty minutes after the last 
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trial, subjects are again prompted to recall the words (delayed recall). The number of 
correctly repeated words per trial is recorded. The Concept Shifting task estimates the ease 
of switching between two psychological concepts, as an index of perceptual planning 
and evaluation. First subjects are asked to cross out empty circles, then circles with 
numbers in chronological order and finally circles with letters in alphabetical order, 
randomly arranged in a circle. The final task is to alternately cross out circles with either 
numbers or letters, in chronological and alphabetical order. The time needed to 
complete the tasks is recorded. The Stroop Color-Word test measures selective attention 
and susceptibility to behavioral interference. Subjects are initially asked to read the name 
of colors (red, blue, green, yellow) and then name color blocks. Finally, subjects are 
asked to name the color of the ink rather than the word. The time needed to complete 
the tasks is recorded. The Verbal Fluency test measures the ability to draw on one�s 
encyclopedic memory in a strategy-based manner. The subject is asked to name as many 
animals as possible in one minute. The number of different animals named is recorded. 
The Letter Digit Substitution test assesses general speed of visual information processing. 
Nine different letters are coupled with nine different numbers in a key on the top of the 
form. The subject is asked to copy the corresponding letter by each number as quickly as 
they can. The number of correctly filled in letters in ninety seconds is recorded. These 
tests were derived from the assessment protocol of the Maastricht Aging Study, a 
prospective study of the determinants of cognitive aging; for more extensive 
descriptions of these tests see Jolles et al.274 
 
We included the Mini-Mental State Examination,275 a widely used dementia-screening 
tool, to allow for comparison of our study population with other study populations and 
to exclude unreliable tests scores from subjects with suspected severe cognitive 
dysfunction (defined as <24 out of 30 points). All participants underwent the 
measurements after an overnight fast broken by a small snack consisting of a glass of 
juice and breakfast muffin. Trained research assistants administered the test during a 40-
minute session to all but one participant; he was excluded from the data analyses. 
 
Blood measurements  
Fasting venous blood was collected, directly processed and stored at -80ºC. Folate and 
vitamin B12 were measured using a chemiluminescent immunoassay (Immulite® 2000, 
Diagnostic Products Corporation). Erythrocyte folate was determined in duplicate and 
the average was taken to reduce measurement error. Serum creatinine and lipids were 
determined using Hitachi® 747 (Roche). We defined hypercholesterolemia as total 
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cholesterol >6.5 mmol/L, high-density lipoprotein cholesterol (HDL) <0.9 mmol/L or 
use of lipid-lowering medication. Homocysteine was determined with HPLC and 
fluorimetric detection.242 Vitamin B6 was measured by HPLC. The C677T MTHFR 
genotype was determined by polymerase chain reaction of DNA and restriction enzyme 
digestion with HinFl. Intra-assay and inter-assay variation coefficients for laboratory 
analyses were <15%.  
 
Carotid ultrasound   
Carotid intima-media thickness, a valid surrogate marker of vascular disease and a 
structural marker of atherosclerosis239 was measured using high-resolution B-mode 
sonography with a 7.5 MHz linear-array transducer (ATL UltraMark IX) as described 
earlier.183 Longitudinal images of the distal common carotid arteries were frozen on the 
top of the R-wave. The mean of the maximum distances of the near and far wall of the 
distal 10 mm of the right and left common carotid artery was determined using an 
automated edge detection program. Carotid distension, a marker of arterial stiffness 
believed to increase as a result of aging and atherosclerosis,240 was measured using M-
mode sonography. The relative distension of the carotid artery was calculated as the 
absolute change in lumen diameter relative to its end-diastolic diameter was calculated. 
Ultrasound examination was performed in duplicate within three weeks; the average was 
used for analyses. The mean difference (± standard deviation [SD]) between the 
sonographers was 0.09 mm (±0.10 mm) for maximum intima-media thickness and 0.02 
mm (±0.03 mm) for distension. The intraclass correlation coefficient for maximum 
intima-media thickness was 0.90 for sonographer 1 and 0.88 for sonographer 2 and for 
distension was 0.77 for sonographer 1 and 0.88 for sonographer 2.  
 
Other measurements 
A self-reported medical history, including current drug use and family history of 
premature vascular disease (onset <60 years in first degree family) and smoking were 
attained by questionnaire and reviewed by a research assistant. A participant was 
considered to have prevalent vascular disease if he had been clinically diagnosed with 
angina pectoris, myocardial infarction, arrhythmia, stroke, or peripheral arterial disease 
or if he had undergone certain palliative procedures (balloon angioplasty, coronary 
bypass surgery or aortic aneurysm surgery). Education was classified according the 
Dutch Central Bureau of Statistics and grouped according to highest attained level: 
primary education, junior vocational training or senior vocational/academic training. 
Height and weight were measured and body mass index (kg/m2) was calculated. Blood 
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pressure was measured using an automated meter (Dinamap® Compact Pro 100, 
General Electric) in supine position, while the participant underwent the ultrasound 
examination. The average of eight measurements was taken. We defined hypertension as 
systolic blood pressure ≥160 mmHg, diastolic blood pressure ≥95 mmHg or use of anti-
hypertensive medication. Mean arterial pressure was calculated by the following formula: 
diastolic blood pressure + 1/3 · (systolic blood pressure � diastolic blood pressure). A 
food frequency questionnaire estimated folate intake and alcohol intake in the past three 
months. Two typists, blinded to study information, separately entered all data. 
 
Statistical analysis 
The domains�sensorimotor speed, complex speed and memory�were constructed by 
combining the results of Concept Shifting test, Stroop Color-Word test and Word 
learning test. In order to combine sub-tests, Z-scores were calculated. Sensorimotor 
speed index is a measure for basic speed and is compromised of the first two trials in the 
Concept Shifting test and Stroop Color-Word test, whereas complex speed index, a 
measure of cognitive flexibility and the ability to switch between different tasks, is 
composed of the final trials of the same tests. The verbal memory index is calculated 
using the total and the maximum of the three immediate recall trials and the delayed 
recall score. See van Boxtel et al for an extensive description of this data reduction 
method.101 The Letter Digit Substitution test and Verbal Fluency test were not included 
in compound measures, however, for ease of comparison we converted the raw scores 
to Z-scores as well.  
 
For each participant, we averaged the homocysteine concentrations measured at 
screening and at baseline and used this average in the analyses. To investigate the 
association between folate and cognitive performance, the mean adjusted cognitive 
performance was calculated based on folate status: deficiency (erythrocyte folate ≤305 
nmol/L; serum folate ≤7 nmol/L), low-normal (erythrocyte folate 306-500 nmol/L; 
serum folate 8-11 nmol/L) and high-normal (erythrocyte folate ≥501 nmol/L; serum 
folate ≥12 nmol/L). Adjustment was done initially for age, sex and education level and 
then for other possible confounders. Possible confounders were hypertension, total 
cholesterol, HDL, hypercholesterolemia, serum creatinine, apoE ε4 allele, diabetes 
mellitus, body mass index, current smoking, smoking pack years and alcohol intake. To 
examine whether the association between folate and cognitive performance may be 
mediated by homocysteine or vascular disease risk, we included homocysteine or carotid 
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intima-media thickness or carotid distension. We included mean arterial pressure as a 
covariate in the analyses involving distension. Because the MTHFR 677T allele is 
associated with hyperhomocysteinemia mainly when folate concentrations are low,39 we 
stratified the population based on folate status and studied the relationship between 
genotype and cognitive performance levels within these strata. The latter analyses were 
adjusted for age, sex and education level using analysis of covariance. Statistical 
significance was defined as p<0.05 (two-tailed). Statistical analyses were performed using 
SPSS 11.0 for Windows. 
 
Results 
Table 4.1 shows the characteristics of the study population. Nine percent, 2% and 13% 
of the participants had deficient levels of serum folate, erythrocyte folate and vitamin B6 
according to the American Institute of Medicine.245 The MTHFR 677T allelic 
distribution did not significantly differ from the calculated expected distribution, 
assuming a Hardy-Weinberg equilibrium. Table 4.2 shows the raw scores of the 
individual tests before Z-scores were calculated. Seven subjects scored <24 points out of 
30 on the Mini-mental state examination, which may indicate a cognitive disorder. The 
associations of folate status and MTHFR 677TT genotype with cognitive performance 
were similar regardless if these subjects were excluded from the analyses, thus we 
presented the results from the total population. Second to educational level, age was a 
strong determinant of performance on cognitive tests. The association with age was 
greater for complex speed and information processing and weakest for Verbal Fluency 
test, after adjustment for conventional risk factors of vascular disease (sensorimotor 
speed β=-0.038 (standard error 0.005), p<0.001; complex speed β=-0.040 (0.005), 
p<0.001; memory β=-0.029 (0.006), p<0.001; Letter Digit Substitution test β=-0.043 
(0.006), p<0.001; Verbal Fluency β=-0.018 (0.006), p=0.005).  
 
Folate and cognitive performance 
Subjects with serum folate deficiency performed on average poorer on the Verbal 
Fluency test than subjects with low-normal and high-normal concentrations of serum 
folate (mean difference in Z-scores between deficient vs. high-normal concentrations 
-0.29, 95% CI -0.54 to -0.04). The difference between the groups weakened when age, 
sex and educational level were entered into the regression model (mean difference in Z-
scores between deficient vs. high-normal concentrations -0.25, 95% CI -0.49 to -0.01) 
and became non-significant when conventional risk factors for vascular disease were 
entered  into  the  regression  model (mean difference in Z-scores between deficient  vs. 
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Table 4.1 Population characteristics (n=818). 
   
  Mean (standard deviation) 
  Median (interquartile range) 
   
   
Demographics  
 Age, years 60 ± 6 
 % Male 72 
 % Low / Middle / High education level 22 / 38 / 40 
   
Markers of vascular disease  
 Maximum carotid intima-media thickness, mm 1.02 ± 0.17 
 Carotid distension, mm 0.63 ± 0.17 
 % Familial history of premature vascular disease 21 
 % Vascular disease 12 
   
Clinical  
 Homocysteine, µmol/L 13.8 ± 2.3 
 % 5,10-methyenetetrahydrofolate reductase 677 CC / CT / TT 38 / 46 / 15 
 Serum folate, nmol/L 12 ± 4 
 Erythrocyte folate, nmol/L 697 ± 267 
 Vitamin B12, pmol/L 296 (250 to 376) 
 Vitamin B6, nmol/L 35 ± 20 
 Body mass index, kg/m2 26 ± 4 
 Creatinine, µmol/L  93 ± 12 
 High-density lipoprotein cholesterol, mmol/L 1.2 ± 0.4 
 Total cholesterol, mmol/L 5.8 ± 1.1 
 % Hypercholesterolemia 36 
 Systolic blood pressure, mmHg 133 ± 16 
 Diastolic blood pressure, mmHg 77 ± 8 
 % Hypertension 22 
 % Diabetes mellitus 3 
 % apoE ε4 allele, 0 / 1 / 2 68 / 29 / 3 
   
Lifestyle  
 % Current smokers 20 
 Folate intake, µg/d  207 ± 77 
 Alcohol intake, g/d 13 (4 to 23) 
   

 
high-normal concentrations -0.22, 95% CI -0.47 to 0.02). Serum folate concentrations 
were not associated with the other domains. 
 
Erythrocyte folate deficiency, on the other hand, was associated with poor performance 
on a variety of cognitive tests despite the small number of individuals with deficient 
erythrocyte folate concentrations. In crude analyses, subjects with deficient 
concentrations   of   erythrocyte   folate   performed   poorer   on   all   cognitive   tests    than 
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Table 4.2 Performance on cognitive function tests. 
   

 Mean (standard deviation) 
 n  

Median (interquartile range) 
  
  
Mini-Mental State Examination, points 818  29 (28 to 30) 
 <24 out of 30 points  7   

    
Verbal Fluency test, words 818  24 ± 6 
   

15 Word Learning test 818   
 Total of 3 trials, words  27 ± 6 
 Maximum of 3 trials, words  11 ± 2 
 Delayed recall, words   9 ± 3 

  
Letter Digit Substitution test, digits in 90 s 815  49 ± 9 
   

Concept Shifting test  
 Empty, s 817  5 ± 1 
 Numbers, s 818  22 (19 to 26) 
 Letters, s  814  25 (22 to 30) 
 Numbers and letters, s  814  36 ± 13 
   

Stroop Color-Word test  
 Reading name of colors, s  817  16 ± 3 
 Naming color of ink, s  815  43 ± 11 
   
 
subjects with high-normal concentrations, however, this did not reach statistical 
significance for the Verbal Fluency test. After adjustment for age, sex and educational 
level, the associations remained for sensorimotor speed, complex speed and memory 
(mean difference in Z-scores between deficient vs. high-normal concentrations: 
sensorimotor speed -0.33, 95% CI -0.65 to -0.01; complex speed -0.52, 95% CI -0.88 to  
-0.16; memory -0.52, -0.92 to -0.11). The association of erythrocyte folate with cognitive 
performance remained statistically significant for complex speed and memory after 
adjustment for conventional risk factors of vascular disease (mean difference in Z-scores 
between deficient vs. high-normal concentrations: sensorimotor speed -0.27, 95% CI  
-0.60 to 0.07; complex speed -0.45, 95% CI -0.82 to -0.08; memory -0.50, 95% CI -0.92 
to -0.10) (Figure 4.1).  
 
We examined whether the association between deficient concentrations of erythrocyte 
folate and cognitive performance might be mediated by elevated concentrations of 
homocysteine or increased risk of vascular disease, the latter estimated by increased 
intima-media thickness or low distension. Age and sex adjusted erythrocyte folate 
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concentrations were correlated with homocysteine concentrations (r=-0.26, p<0.001) 
and with intima-media thickness (r=-0.08, p=0.019), but not with distension. In addition, 
homocysteine concentrations were correlated with sensorimotor and complex speed 
(partial correlation coefficient: sensorimotor speed r=-0.07, p=0.040; complex speed r= 
-0.07, p=0.049) and intima-media thickness was correlated with sensorimotor and 
complex speed and the Letter Digit Substitution test (partial correlation coefficient: 
sensorimotor speed r=-0.09, p=0.017; complex speed r=-0.09, p=0.014; Letter Digit 
Substitution test r=-0.06, p=0.083) independent of conventional risk factors for vascular 
disease. Addition of variables on vascular disease prevalence or familial history of 
premature vascular disease did not significantly affect the association of intima-media 
thickness and cognitive performance. The association between erythrocyte folate and 
complex speed was independent of homocysteine concentrations (mean difference 
deficient vs. high-normal concentrations: complex speed -0.39, 95% CI -0.76 to -0.01) 
and independent of intima-media thickness or other markers of vascular disease (i.e., 
vascular disease prevalence and familial history of premature vascular disease) (mean 
difference in Z-scores between deficient vs. high-normal concentrations: complex speed 
-0.44, 95% CI -0.80 to -0.07).  
 
MTHFR and cognitive function 
Despite similar folate intake, subjects with the MTHFR 677TT genotype had higher 
homocysteine concentrations and lower serum folate concentrations than CC or CT 
subjects (homocysteine 15.3 vs. 14.2 µmol/L, p<0.001; serum folate 11 vs. 13 nmol/L, 
p=0.001). No other study variables differed between the MTHFR C677T genotypes. 
MTHFR 677TT homozygotes tended to have higher cognitive performance scores on all 
tests except Verbal Fluency than CC homozygotes, with CT heterozygotes having 
intermediate values (Figure 4.2). In subjects with a folate status below that of the 
population median, having the MTHFR 677TT genotype was often associated with 
better performance on sensorimotor and complex speed (Table 4.3). Folate intake, in 
contrast to blood concentrations of folate, was not likely to be influenced by MTHFR 
C677T genotype. When the population was stratified on the basis of folate intake, 
MTHFR 677TT homozygotes in the upper half of the folate intake distribution tended 
to show better cognitive performance compared with their CC or CT counterparts. 
Folate intake was weakly correlated with blood folate levels (erythrocyte folate r=0.11, 
p=0.002; serum folate r=0.16, p<0.001, adjusted for age, sex and MTHFR C677T 
genotype).
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Figure 4.1 Mean performance (Z-score) on sensorimotor speed, complex speed and memory tasks by erythro-
cyte folate status, adjusted for age, sex, educational level and conventional risk factors of vascular disease.  
* p<0.01 vs. low-normal. 
� p<0.02 vs. deficient. 
� p=0.039 vs. deficient. 
 
Discussion 
We have shown that deficient levels of erythrocyte folate were associated with poor 
cognitive domains, i.e. complex speed and memory, independent of risk factors for 
vascular disease, including homocysteine and intima-media thickness. Contrary to our 
expectations, subjects with the MTHFR 677TT genotype often performed better on 
cognitive tests, although this was statistically significant for sensorimotor speed only. 
When we examined the relation between MTHFR C677T polymorphism and cognitive 
performance stratified by folate status, having the MTHFR 677TT genotype was 
associated with better performance on sensorimotor and complex speed in individuals 
with a low folate status. Folate intake, unlike serum or erythrocyte folate concentrations, 
is unlikely to be influenced by the MTHFR C677T genotype and hence is more 
appropriate to examine effect modification due to folate. However, the positive 
association of MTHFR 677TT genotype and cognitive performance was strongest 
among those with high folate intake rather than low folate intake.  
 
In our study deficient levels of erythrocyte folate were linked to poor performance on 
tests probing cognitive domains susceptible to age-related cognitive decline, like sensori-
motor and complex speed and memory.101 Some studies support a role of folate in 
memory processes. Studies in folate deficient individuals show increased �forgetfulness� 
during folate depletion (n=1)251 whereas supplementation was associated with improved 
memory scores after two months (n=30).97 Unfortunately, these studies did not measure 
speed-related  domains  like  sensorimotor  or  complex  speed.  We  are  unsure  why  the 
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Figure 4.2 Mean performance of neuropsychological battery (Z-score) by 5,10-methylenetetrahydrofolate 
reductase (MTHFR) 677C!T genotype, adjusted for age, sex and educational level. 
* p<0.05 vs. CC. 
a CC n=310 and CT n=376 in Letter Digit Substitution test, respectively; CT n=377 in complex speed. 
 
why the association between folate and cognitive performance was stronger with 
erythrocyte folate rather than with serum folate. The two measures were correlated 
(r=0.51, p<0.001) as would be expected: erythrocyte folate is conventionally considered 
a marker of long-term folate status whereas serum folate is considered a short-term 
dietary folate intake marker. Other studies conducted in the general population also have 
found inconsistencies in associations between the folate markers with cognitive 
performance.276-278 
 
Due to the cross-sectional nature of our study we are unable to investigate whether low 
concentrations of folate are a cause of poor cognitive performance. Theoretically, the 
association between erythrocyte folate and cognitive function may be explained by 
reverse causality and the association may be confounded (low folate status is related to 
many �unhealthy� lifestyles which cannot be completely controlled for by adjustment). 
Larger prospective and intervention studies are needed to determine whether low folate 
status is implicated in age-related cognitive decline and whether folic acid 
supplementation or an increase in dietary folate can prevent or reverse age-related 
cognitive decline.  
 
Examination of the association of MTHFR C677T genotype with performance on 
cognitive tests, however, transforms our cross-sectional study into a prospective study 
(�Mendelian randomization�) and helps reduce bias and confounding associated with a 
dietary marker like blood folate concentrations, as the genotype is unlikely to affect other 
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factors than folate metabolism (�Mendelian deconfounding�).76,279 The premise being that 
after conception and birth, individuals are �randomly assigned� to their MTHFR C677T 
genotype, and depending on gene-environment interaction, also have lifelong exposure 
to their MTHFR C677T phenotype, such as homocysteine concentrations. Thus, 
genotype establishes lifelong risk (adequate induction period), cannot be changed by 
cognitive decline (no reverse causality) and probably is not linked to other environmental 
risk factors for cognitive decline (no or little confounding). In our population, MTHFR 
677TT homozygosity was paired with better cognitive performance on all tests, except 
Verbal Fluency; however, this was statistically significant for sensorimotor speed only. 
When folate status is low, phenotypic expression of the MTHFR 677TT genotype is 
most pronounced, i.e. concentrations of homocysteine increase. An elevated 
concentration of homocysteine, a putative independent risk factor for reduced 
sensorimotor and complex speed in our data but also confirmed by other investigators, 
is the conventional consequence of MTHFR 677TT phenotype, however other changes 
have been documented in folate/one-carbon metabolism which may help explain the 
protective effect of MTHFR 677TT genotype.  
 
A possible protective effect of the MTHFR 677TT genotype may lie in its greater 
relative one-carbon commitment to de novo synthesis of nucleotides and an increase in 
formyl-folate derivatives relative to methyl-folate derivatives. In theory, subjects with a 
greater capacity of thymidylate synthesis and 10-formyltetrahydrofolate generation may 
have a reduced risk of genomic and mitochondrial DNA damage in two ways. 
Individuals with the MTHFR 677TT genotype may have increased thymidylate synthesis 
that may directly reduce DNA mutations by ensuring a smaller pool of uracil. Secondly, 
MTHFR 677TT homozygotes may have greater amounts of 10-formyltetrahydrofolate 
that may protect mitochondrial integrity by reducing cytochrome c 

260 and may have 
other antioxidant-like functions in the cytosol and mitochondria.  
 
Conversely, our genetic data do not support the hypomethylation theory of cognitive 
decline92,93 brought forth by Osmond and Smythies in 1952.280 In support of the 
hypomethylation theory, studies have shown lower concentrations of S-
adenosylmethionine and DNA hypomethylation in the brain of MTHFR-heterozygotes 
knockout mice compared with wild type.281 In humans, supplementation with methyl 
donors (e.g. betaine and S-adenosylmethionine) alleviates neurological symptoms in 
patients with low or undetectable levels of MTHFR activity282 and may improve 
cognitive performance in subjects with cognitive deficits without affecting total folate 
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concentrations.283 Theoretically, however, supplementation with S-adenosylmethionine 
(an allosteric inhibitor of MTHFR) may shift the distribution of folate derivatives in 
favor of formyl-folates at the expense of methyl-folates, mimicking to some extent the 
MTHFR 677TT genotype.  
 
The major limitation of this study is that it may be underpowered to find gene-disease 
marker associations. Thus, better cognitive performance among those with the MTHFR 
677TT genotype may be a chance finding. Furthermore, the homocysteine inclusion 
criterion may have biased our results. This has surely increased the number of subjects 
with the MTHFR 677TT genotype in our study (~15% in our study vs. ~10% in the 
general Dutch population),39 but since both MTHFR 677TT genotype and lifestyle 
factors, e.g. smoking and low fruit and vegetable intake, influence homocysteine 
concentrations, we may have inadvertently selected �healthy� MTHFR 677TT 
homozygotes, and compared them with their more �unhealthy� CC and CT counterparts. 
However, all of the risk factors presented in Table 4.1 were not statistically different 
between the genotype groups, except for serum folate and homocysteine concentrations. 
Furthermore, addition of conventional risk factors to the analyses investigating the 
relationship between genotype and cognitive function did not affect the association. On 
the other hand, our study population was not exposed to folic acid fortification nor 
reported use of B vitamin supplements; thus an association between MTHFR 677TT 
genotype and cognitive function may be easier to detect compared with studies 
conducted in populations with folic acid fortification. 
 
Despite our efforts to limit the number of dependent variables by combining relevant 
raw test scores into a compound performance index, in this study several independent 
null hypotheses were tested. Therefore, one should be cautious with interpretation of the 
results, considering that the study was relatively large and the association estimates 
relatively small. Furthermore, from this cross-sectional analysis, it is not possible to 
determine whether low levels of folate precede poor cognitive performance. Low intake 
of folate may be a consequence of cognitive decline, i.e. agnosia and apraxia may lead to 
a decrease in folate intake.284 Furthermore, amnesia may differentially affect the accuracy 
of dietary intake recall. Thus, it is important to conduct randomized controlled trials 
using a battery of tests sensitive to cognitive decline associated with aging. We will 
evaluate the three-year effect of supplementation with folic acid versus placebo on 
cognitive tests described in this study and shall report in 2005. Furthermore, larger 
observational studies and meta-analysis of observational studies investigating the 
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association of common mutations in folate-related genes with cognitive function are 
needed to understand the possible etiology of folate-related cognitive decline and 
dementia. 
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Abstract 
 
Background Vascular disease and its risk factors may explain variation in age-related 
hearing loss.  
 
Aim We examined the association of elevated plasma homocysteine and its 
determinants�low B vitamin concentrations and the 5,10-methylenetetrahydrofolate 
reductase (MTHFR) 677C!T polymorphism�with hearing levels.  
 
Methods We used cross-sectional data from 729 individuals with sensorineural hearing 
loss. Hearing was assessed as the average of the pure-tone air conduction thresholds for 
both ears for 0.5 kHz, 1 kHz and 2 kHz and for 4 kHz, 6 kHz and 8 kHz.  
 
Results Homocysteine, erythrocyte folate and vitamin B6 were not associated with 
hearing thresholds. Low concentrations of serum folate and vitamin B12 were associated 
with better hearing, independent of vascular disease risk factors. MTHFR 677TT 
homozygotes had similar hearing levels as subjects with a C allele when folate status was 
below the median. However, when folate status was above population median, MTHFR 
677TT homozygotes had on average ~5 dB (p=0.027) lower hearing thresholds than 
subjects with a 677C allele. The relationship between serum folate and hearing 
thresholds appeared to be dependent on MTHFR C677T genotype (CC r=0.12 p=0.033; 
TT r=-0.12 p=0.187).  
 
Conclusion Our findings due not support an association of elevated homocysteine with 
hearing impairment, but rather support the hypothesis that a greater one-carbon moiety 
commitment to de novo synthesis is protective for hearing.  
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Introduction 
Age-related hearing loss is one of the most prevalent chronic conditions affecting the 
elderly. Age-related hearing loss is a bilateral sensorineural hearing loss initially affecting 
the higher frequencies and subsequently extending towards the lower frequencies. 
Decline in hearing acuity may begin in the third and fourth decade of life, although it is 
not inevitable.285 Age accounts for 10% of the variation in age-related hearing loss,286 
thus factors that vary with age may play an etiological role in age-related hearing loss. 
Age-related changes in vascular and neural tissue of the cochlea are thought to 
contribute to age-related hearing loss. These neural and vascular changes in the cochlea 
may be secondary to mitochondrial dysfunction.287,288  
 
More than 100 years ago investigators contemplated the relation between arteriosclerosis 
in cochlear arterial beds and arteriosclerosis in other vascular beds in the body289,290 
(references therein). From histopathological studies of the cochleae of elderly subjects, 
arteriosclerosis in the inner ear has been associated with decreased hearing levels and 
with atherosclerosis in the coronary and renal arteries.290 It wasn�t until the seminal work 
of Rosen and coworkers on the Mabaan tribe in Sudan, however, that much 
epidemiologic research on the relation of vascular disease and vascular disease risk 
factors with age-related hearing loss was generated.285 Although the majority of studies 
demonstrate an association of vascular disease with hearing levels,291-297 the association 
of vascular disease risk factors, like smoking, hypertension, hypercholesterolemia, with 
hearing levels has been inconsistent.290,295,298-303 
 
Recently, Berner and colleagues examined the association between hearing levels and 
plasma total homocysteine, a novel risk factor for vascular disease.103 Homocysteine was 
only marginally associated with hearing levels in 91 audiological patients. To our 
knowledge no studies have examined the effects associated with elevated concentrations 
of homocysteine on cochlear tissue, nevertheless, possible mechanisms can be 
extrapolated from vascular disease research. Elevated concentrations of homocysteine 
have been associated with smooth muscle cell proliferation226 and changes in microvessel 
flow mechanics.248,304 These changes may be linked to changes in microvessel 
permeability,248 cochlear blood flow and stria vascularis atrophy. Apart from atherogenic 
properties, homocysteine is considered to have neurotoxic properties, as well, which may 
adversely influence the highly innervated cochlea. For example, homocysteine may act as 
an agonist at the glutamate site of the N-methyl-D-aspartate receptor.305 Poor hearing 
has been associated with over excitation of N-methyl-D-aspartate receptors.306  
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In contrast to the very weak association found between homocysteine and hearing 
levels,103 determinants of elevated concentrations of homocysteine, such as low 
concentrations of folate and vitamin B12 have been inversely associated with hearing 
levels in women with age-related hearing loss.102,103 However, Berner and colleagues 
reported a null association of folate and vitamin B12 with hearing levels.103 No studies 
have examined the association of polymorphisms associated with elevated 
concentrations of homocysteine and hearing. Approximately 10% of the Dutch 
population has a cytosine-to-thymidine transition in the methylenetetrahydrofolate reductase 
(MTHFR) gene at nucleotide 677. This mutation results in an alanine-to-valine 
substitution in the MTHFR protein and leads to a decrease in MTHFR activity 
compared with the wild type enzyme.202 Individuals with the MTHFR 677TT genotype 
tend to have higher concentrations of homocysteine, especially pronounced when folate 
concentrations are low.307 
 
Determinants of elevated concentrations of homocysteine may also have direct effects 
on neural tissue and vascular tissue of the cochlea, independent of their association with 
homocysteine or vascular disease. Recent evidence suggests that folate has antioxidant-
like properties108,260,308 which may protect the cochlea from reactive oxygen species 
mediated damage. Finally, low concentrations of vitamins B12 and B6 may also have 
neurotoxic effects. Animal studies have shown that deficiencies in vitamins B12 and B6 
have been associated with demyelinization of the auditory neurological tissue and other 
cochlear malformations.309 
 
We hypothesize that an elevated concentration of homocysteine and its determinants�
the MTHFR 677TT genotype and decreased concentrations of B vitamins�are 
associated with poor hearing. Furthermore, we examine whether the association of 
homocysteine and B vitamins with hearing levels remains after adjustment for vascular 
disease, including markers of atherosclerosis and arterial stiffness.  
 
Methods 
Subjects  
Data are from 819 men and post-menopausal women aged 50 to 70 years participating in 
the Folic Acid and Carotid Intima-media Thickness (FACIT) study, a trial investigating 
whether folic acid supplementation can halt the progression of atherosclerosis. Major 
exclusion criteria were homocysteine <13 µmol/L, vitamin B12 <200 pmol/L, renal or 
thyroid diseases and use of B vitamin supplements or medications that influence folate 
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metabolism or atherosclerotic progression (e.g. lipid-lowering and hormone replacement 
therapies). Ninety subjects were excluded because of hearing loss attributed to middle 
ear dysfunction (air-bone gap ≥15 dB in either ear) or unilateral hearing loss (a difference 
in average pure-tone hearing thresholds for 0.5 kHz, 1 kHz, 2 kHz ≥20 dB between the 
right and left ear). The Medical Ethics Committee of Wageningen University approved 
the study and subjects gave written informed consent.  
 
Audiometric measurements 
Subjects� ears were examined for excessive cerumen, which was removed if present. 
Pure-tone air and bone conduction thresholds were obtained with subjects seated in an 
acoustical booth (Audiofon G, Audiovox Italy) using a portable diagnostic audiometer 
(Voyager 522). We calculated average pure-tone air conduction thresholds of 0.5, 1 and 2 
kHz (PTA-low) and of 4, 6 and 8 kHz (PTA-high). Audiometric testing was done using a 
variation of the Hughson and Westlake method: thresholds based on ascending 
responses using up 5 dB, down 10 dB steps.310 Contralateral masking was used when 
necessary. Twenty-nine subjects had a hearing threshold at a number of frequencies that 
was not measurable by our audiometer (maximum pure-tone air conduction emitted was 
100 dB; 2 kHz n=1, 4 kHz n=4, 6 kHz n=6, 8 kHz n=29). These subjects were assigned 
a hearing threshold of 105 dB, as it was assumed that their hearing threshold was greater 
than 100 dB. 
 
Blood measurements  
Fasting venous blood was collected, directly processed and stored at -80ºC. Folate and 
vitamin B12 were measured using a chemiluminescent immunoassay (Immulite® 2000, 
Diagnostic Products Corporation). Erythrocyte folate was determined in duplicate and 
the average was taken to reduce measurement error. Serum creatinine and lipids were 
determined using Hitachi® 747 (Roche). We defined hypercholesterolemia as total 
cholesterol >6.5 mmol/L, high-density lipoprotein cholesterol <0.9 mmol/L or use of 
lipid-lowering medication. Homocysteine was determined with HPLC and fluorimetric 
detection.242 Vitamin B6 was measured by HPLC. The C677T MTHFR genotype was 
determined by polymerase chain reaction of DNA and restriction enzyme digestion with 
HinFl. Intra-assay and inter-assay variation coefficients for laboratory analyses were 
<15%.  
 
Carotid ultrasound   
Carotid intima-media thickness, a valid surrogate marker of vascular disease and a 
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structural marker of atherosclerosis,239 was measured using high-resolution B-mode 
ultrasonography with a 7.5 MHz linear-array transducer (ATL UltraMark IX). 
Longitudinal images of the distal common carotid arteries were obtained at four 
predefined angles of 30º steps (90º to 180º on the right side and 270º to 180º on the left 
side). Images were frozen on the top of the R-wave of the electrocardiography and 
recorded on VHS tape. The maximum distance of the near and far wall of the distal 10 
mm of the right and left common carotid artery was determined using an automated 
edge detection program. Carotid distension, a marker of arterial stiffness believed to 
increase as a result of aging and atherosclerosis,240,311 was measured using M-mode 
sonography. An M-line was placed at an angle deemed by the sonographer to give the 
best visualization of the arterial walls. The sonographer recorded carotid artery pulsation 
for approximately three seconds. The relative distension of the carotid artery was 
calculated as the absolute change in lumen diameter relative to its end-diastolic diameter 
was calculated. The average of three measurements per side was calculated. Ultrasound 
examinations were performed in duplicate within three weeks; the average was used for 
analyses. The intraclass correlation coefficient for intima-media thickness was 0.89 and 
for distension was 0.87. The same sonographer performed both examinations in 91% of 
the subjects. A single reader interpreted all images. Both sonographers and the reader 
were blinded to participants� study information. 
 
Other measurements  
A self-reported medical history, including current drug use and family history of 
premature vascular disease (onset <60 years in first degree family), and smoking were 
attained by questionnaire and reviewed by a research assistant. A participant was 
considered to have prevalent vascular disease if he had been diagnosed with angina 
pectoris, myocardial infarction, arrhythmia, stroke, or peripheral arterial disease or if he 
had undergone certain palliative procedures (balloon angioplasty, coronary bypass 
surgery or aortic aneurysm surgery). Height and weight were measured and body mass 
index (kg/m2) was calculated. Blood pressure was measured using an automated meter 
(Dinamap® Compact Pro 100, General Electric) in supine position, while the participant 
underwent the ultrasound examination. The average of eight measurements was taken. 
We defined hypertension as systolic blood pressure ≥160 mmHg, diastolic blood 
pressure ≥95 mmHg or use of antihypertensive medication. Mean arterial pressure was 
calculated by the following formula: diastolic blood pressure + 1/3 · (systolic blood 
pressure � diastolic blood pressure). A food frequency questionnaire estimated folate 
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intake and alcohol intake in the past three months. Two typists, blinded to study 
information, separately entered all data. 
 
Statistical analysis  
For each participant, we averaged the homocysteine and vitamin B12 concentrations 
measured at screening and at baseline and used this average in the analyses. The average 
of the right and left ear PTA hearing threshold was used for the analyses. After 
transformation (natural log) of the PTA-low and PTA-high distributions to obtain 
normality, the relation between conventional risk factors of vascular disease and (sub-
clinical) markers of vascular disease and PTA-low and PTA-high were assessed using 
linear regression. In order to calculate mean hearing thresholds among tertiles of 
homocysteine and B vitamins, we employed analysis of covariance. Test for trend was 
extracted from linear regression analyses with the variable of interest entered as a 
continuous variable. Confounders considered were systolic and diastolic blood pressure, 
hypertension, diabetes, lipids, hypercholesterolemia, serum creatinine, body mass index, 
alcohol intake, current smoking status and smoking pack years.  
 
We investigated whether the association of homocysteine with hearing was explained by 
markers of vascular disease and the association of B vitamins with hearing was explained 
by homocysteine or markers of vascular disease by subsequently adding these variables 
into the regression model. We included mean arterial pressure as covariates in the 
analyses involving distension. Because the MTHFR 677TT genotype is associated with 
elevated concentrations of homocysteine mainly when folate status is low, we stratified 
the population by the folate status (population median), and studied the relationship 
between genotype and hearing levels within these strata. The latter analyses were 
adjusted for age, sex and education level using ANCOVA. Statistical significance was 
defined as p <0.05 (two-tailed). Statistical analyses were performed using SPSS 11.0 for 
Windows. 
 
Results 
Seventy-two percent of the study participants were male and the average age was 60±6 
years (Table 5.1). Median homocysteine concentrations were 13.3 µmol/L (range 10.1 to 
29.4 µmol/L). Nine percent, 2% and 12% of the participants had deficient levels of 
serum folate, erythrocyte folate and vitamin B6 according to the American Institute of 
Medicine.245 The MTHFR 677T allelic distribution did not significantly differ from the 
calculated expected distribution, assuming a Hardy-Weinberg equilibrium. Our study  
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Table 5.1 Population characteristics (n=729). 
   
  Mean (standard deviation) 
  Median (interquartile range) 
   

   
Audiometry   

 PTA-high, dBa 34.1 (22.5 to 50.0) 
 PTA-low, dBb 11.7 (7.5 to 17.5) 

   
Demographics   

 Age, years 60 ± 6 
 % Male 72 
 % Low / Middle / High level of education 23 / 37 / 40 

   
Markers of vascular disease   

 Carotid intima-media thickness, mm 1.02 ± 0.17 
 Carotid distension, mm 0.64 ± 0.16 
 % Familial history of premature vascular disease 21 
 % Vascular disease 11 

   
Clinical   

 Homocysteine, µmol/L 13.3 ± 2.9 
 Serum folate, nmol/L 12 ± 4 
 Erythrocyte folate, nmol/L 691 ± 260 
 Vitamin B12, pmol/L 287 (240 to 363) 
 Vitamin B6, nmol/L 32 (25 to 42) 
 Creatinine, µmol/L  92 ± 12 
 Total cholesterol, mmol/L 5.8 ± 1.1 
 High-density lipoprotein cholesterol, mmol/L 1.2 ± 0.4 
 Low-density lipoprotein cholesterol, mmol/L 4.0 ± 0.9 
 Triglycerides, mmol/L 1.2 (0.8 to 1.6) 
 % Hypercholesterolemia 35 
 Systolic blood pressure, mmHg 133 ± 16 
 Diastolic blood pressure, mmHg 77 ± 8 
 % Hypertension 21.5 
 Body mass index, kg/m2 27 ± 4 
 % Diabetes mellitus 3 

   
Lifestyle    

 % Current smokers 20 
 Folate intake, µg/d 195 (159 to 242) 
 Alcohol intake, g/d 12 (4 to 24) 
   

a PTA-high average pure-tone air conduction threshold at 4 kHz, 6 kHz and 8 kHz. 
b PTA-low average pure-tone air conduction threshold at 0.5 kHz, 1 kHz and 2 kHz.  

 
population had a higher prevalence of MTHFR 677TT homozygotes than in the general 
population in The Netherlands (15.7 vs. ~10%, respectively);39 this is a likely 
consequence of our homocysteine and vitamin B12 inclusion criteria. 
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Table 5.2 Mean hearing thresholds in dB adjusted for age, sex and educational level per tertile of 
homocysteine and B vitamins concentrations (n=729). 
    

 n  PTA-higha PTA-lowb 
    
    

Homocysteinec   
 1st tertile 243  32.9 12.2 
 2nd tertile 243  35.3 12.6 
 3rd tertile 243  33.2 11.5 
 Ptrend 0.537 0.079 

   
Serum folated   
 1st tertile 244  32.3� 11.9 
 2nd tertile 243  34.3 11.6� 
 3rd tertile 242  34.9 12.8 
 Ptrend 0.023 0.090 

   
Erythrocyte folatee   
 1st tertile 243  33.2 12.0 
 2nd tertile 243  34.6 12.0 
 3rd tertile 243  33.7 12.3 
 Ptrend 0.263 0.495 

   
Vitamin B12f   
 1st tertile 241  33.2* 11.7 
 2nd tertile 246  32.3* 11.9 
 3rd tertile 242  36.1 12.6 
 Ptrend 0.007 0.057 

   
Vitamin B6g   
 1st tertile 241  33.3 12.0 
 2nd tertile 243  34.0 12.2 
 3rd tertile 244  34.2 12.1 
 Ptrend 0.094 0.164 
    
* p<0.05 vs. 3rd tertile. 
� p<0.10 vs. 3rd tertile. 
a PTA-high average pure-tone air conduction threshold at 4 kHz, 6 kHz and 8 kHz. 
b PTA-low average pure-tone air conduction threshold at 0.5 kHz, 1 kHz and 2 kHz.  
c Homocysteine tertiles 1: ≤13.1 µmol/L; 2: 13.2-14.7 µmol/L; 3: ≥14.8 µmol/L. 
d Serum folate tertiles 1: ≤10.2 nmol/L; 2: 10.3-13.6 nmol/L; 3: ≥13.7 nmol/L. 
e Erythrocyte folate tertiles 1: ≤551 nmol/L; 2: 552-754 nmol/L; 3: ≥755 nmol/L. 
f Vitamin B12 tertiles 1: ≤264 pmol/L; 2: 265-347 pmol/L; 3: ≥348 pmol/L. 
g Vitamin B6 tertiles 1: ≤26 nmol/L; 2: 27-37 nmol/L; 3: ≥38 nmol/L. 

 
Age, sex and educational level were the main determinants of PTA-high thresholds 
whereas only age and educational level were the main determinants of PTA-low hearing 
thresholds. These demographic factors alone could explain 25% and 12% of the 
variation in PTA-high and PTA-low hearing levels, respectively. Risk factors of vascular 
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disease that have been linked to hearing loss from previous studies, such as diabetes 
mellitus, hypertension, smoking and hypercholesterolemia, were not independently 
associated with hearing thresholds. Markers of atherosclerosis and arterial stiffness were 
not associated with PTA-high or PTA-low. However, familial history of premature 
vascular disease was associated with PTA-low and PTA-high (standardized beta PTA-
low 0.08, p=0.029; PTA-high 0.07, p=0.081) whereas prevalence of vascular disease was 
independently associated with PTA-high only (standardized beta 0.08, p=0.026).  
 

Homocysteine, B vitamins and hearing levels 
The mean age, sex and educational level adjusted hearing threshold of the low and high 
frequencies per tertile of homocysteine, folate, vitamin B12 and vitamin B6 are given in 
Table 5.2. Contrary to our hypothesis, the direction of association was such that low 
concentrations of homocysteine and high concentrations of B vitamins were associated 
with elevated hearing thresholds for PTA-high and PTA-low, although this relation was 
statistically significant for serum folate and vitamin B12 only. The direct association of 
serum folate and vitamin B12 with PTA-high hearing thresholds was independent of 
homocysteine concentrations and other risk factors of vascular disease, including 
prevalent vascular disease and premature vascular disease.  
 

MTHFR genotype and hearing levels 
The MTHFR 677TT genotype was paired with higher homocysteine concentrations and 
lower serum folate concentrations, despite similar folate intake (Table 5.3). No other 
variables shown in Table 5.1 differed between the MTHFR C677T genotypes. Before 
adjustment for age, sex and educational level, MTHFR 677TT homozygotes had slightly 
lower PTA-high hearing thresholds (median [interquartile range] 30 dB [20 to 49 dB]) 
than subjects with the MTHFR CT and MTHFR CC genotype (CT: 36 dB, 95% CI 23 
to 51 dB, TT vs. CT p=0.065; CC: 35 dB 95% CI 23 to 49 dB, TT vs. CC p=0.079). 
Because the phenotypic expression of the MTHFR C677T polymorphism is most 
pronounced when folate concentrations are low, we stratified the population based on 
median folate concentrations. MTHFR 677TT homozygotes with a folate status below 
that of the population median did not have higher hearing thresholds than CC homo-
zygotes (Table 5.4). Because folate status is influenced by MTHFR C677T genotype, we 
also examined the association of MTHFR C677T genotype with hearing levels stratified 
by folate intake. Similarly, MTHFR 677TT homozygotes with a folate intake below that 
of the population did not have higher hearing thresholds than CC homozygotes. 



Folate and hearing levels 

 89

Table 5.3 Mean homocysteine concentrations and folate status per 5,10-methylenetetrahydrofolate 
reductase (MTHFR) 677C!T genotype. 
        
  Median (Interquartile range) 
        
        
MTHFR 677C!T genotype CC CT TT 
  n=280 n=331 n=114 
        
Homocysteine, µmol/L 13.7 (12.9 to 15.2) 13.7 (12.7 to 15.1) 14.9 (13.2 to 17.1)* 
Serum folate, nmol/L 12 (10 to 15) 12 (9 to 15)� 11 (9 to 14)� 
Erythrocyte folate, nmol/L 688 (538 to 838) 611 (510 to 782)§ 674 (478 to 961) 
Folate intake, µg/d 198 (159 to 241) 190 (155 to 248) 200 (173 to 227) 
        
* p<0.001 TT vs. CC or CT. 
� p=0.013 CT vs. CC. 
� p<0.001 CT vs. CC. 
§ p=0.004 CT vs. CC. 

 
It is of interest to note, that subjects in the upper half of the folate status distribution 
with two MTHFR 677T alleles compared with subjects with either one or no T allele 
tended to have on average lower hearing thresholds, although this was borderline 
significant. (Table 5.4). Furthermore, the association of folate status with hearing 
thresholds depended on MTHFR C677T genotype: high serum folate concentrations 
were associated with lower hearing thresholds in MTHFR 677TT homozygotes, whereas 
high serum folate concentrations were associated with higher hearing thresholds in 
MTHFR CC homozygotes (PTA-low: CC r=0.12, p=0.033; TT r=-0.12, p=0.187, 
adjusted for age, sex, educational level). A similar trend was seen in PTA-high, but did 
not reach statistical significance.  
 
Discussion 
The main findings of our study are that an elevated concentration of homocysteine, a 
novel risk factor for vascular disease, is not associated with hearing. Likewise, 
determinants of elevated concentrations of homocysteine�low concentrations of B 
vitamins�were not associated with elevated hearing thresholds. Conversely, high 
concentrations of serum folate and vitamin B12 were associated with poorer hearing in 
the high frequencies, independent of homocysteine and markers of cardiovascular 
disease. MTHFR 677TT homozygotes had similar hearing levels as subjects with a C 
allele when folate status was below the median. However, when folate status was above 
population median, MTHFR 677TT genotype seemed to offer protection against hearing 
loss. 
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Table 5.4 Mean hearing thresholds in dB per 5,10-methylenetetrahydrofolate reductase (MTHFR) 
677C!T genotype stratified by folate status,a adjusted for age, sex and educational level. 
     
 MTHFR 677C!T genotype n PTA-highb PTA-lowc 
     

   
Total population    
 CC 280 34.2 12.3 
 CT 331 34.0 12.2 
 TT 114 32.5 11.3 
 Ptrend  0.616 0.496 
    
Serum folate    
  <50 percentile   
 CC 129 34.0 11.7 
 CT 168 32.2 11.6 
 TT 71 34.6 12.2 
 Ptrend  0.430 0.825 
    
  >50 percentile   
 CC 151 34.5� 12.9* 
 CT 163 35.6*§ 12.7* 
 TT 43 29.8§ 10.1§ 
 Ptrend  0.069 0.055 

   
Erythrocyte folate    
  <50 percentile   
 CC 121 33.9 12.1 
 CT 188 33.5 12.5 
 TT 54 32.9 11.7 
 Ptrend  0.916 0.769 
    
  >50 percentile   
 CC 159 34.4 12.5 
 CT 143 34.4 11.8 
 TT 60 32.5 11.0 
 Ptrend  0.682 0.376 

   
Folate intake    
  <50 percentile   
 CC 132 33.2 11.7 
 CT 176 32.7 11.3 
 TT 55 31.5 12.1 
 Ptrend  0.792 0.726 
    
  >50 percentile   
 CC 148 35.3 12.9� 
 CT 155 35.3 13.3*� 
 TT 59 33.6 10.6 
 Ptrend  0.758 0.076 
    
* p<0.05 vs. TT.  
� p<0.10 vs. TT.  
� p<0.05 vs. same genotype <50 percentile. 
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§ p<0.10 vs. same genotype <50 percentile. 
a Median cut-off. Serum folate 11.7 nmol/L, erythrocyte folate 657 nmol/L, dietary folate 195 µg/d. 
b PTA-high average pure-tone air conduction threshold at 4 kHz, 6 kHz and 8 kHz. 
c PTA-low average pure-tone air conduction threshold at 0.5 kHz, 1 kHz and 2 kHz. 
 
That low concentrations of serum folate and vitamin B12 are independently associated 
with hearing acuity refutes the results of two cross-sectional populations with age-related 
hearing loss. With a relatively small study population (n=55), Houston and colleagues 
were the first to report an inverse association of erythrocyte folate and vitamin B12 with 
hearing thresholds in women, aged 60 to 71 years, in both crude and age-adjusted 
analyses.102 These findings were not confirmed using data from a Danish study 
population (age range 67 to 88 years). In the latter study, erythrocyte folate and vitamin 
B12 concentrations were not associated with hearing thresholds in 91 patients referred to 
the audiological department.103 However, in concordance with the latter study, we report 
a null association of homocysteine and erythrocyte folate with hearing thresholds.  
 
In our population, high serum folate concentrations were associated with better hearing 
in MTHFR 677TT homozygotes, whereas high serum folate concentrations were 
associated with poorer hearing in CC homozygotes. Contrary to our a priori hypothesis, 
subjects with the MTHFR 677TT genotype tended to have better hearing than subjects 
with the 677C allele, although the differences in hearing thresholds between MTHFR 
C677T genotypes did not always reach statistical significance. Nevertheless, given the 
general pattern of our data we can speculate on the pathobiology of sensorineural 
hearing loss. Our data lend support to the mitochondrial damage theory of age-related 
hearing loss. This theory purports that damage to the mitochondrial DNA slowly builds 
up over time and once a critical threshold is attained, the mitochondria are rendered 
bioenergetically inefficient and cells undergo apoptosis.287 A possible protective effect of 
the MTHFR 677TT genotype may lie in its greater relative one-carbon commitment to 
de novo synthesis of nucleotides and an increase in formyl-folate derivatives relative to 
methyl-folate derivatives. In theory, subjects with a greater capacity of thymidylate 
synthesis and 10-formyltetrahydrofolate generation may have a reduced risk of 
mitochondrial DNA damage in two ways. Individuals with the MTHFR 677TT genotype 
may have increased thymidylate synthesis that may directly reduce mitochondrial DNA 
mutations by ensuring a smaller pool of uracil. Secondly, MTHFR 677TT homozygotes 
may have greater amounts of 10-formyltetrahydrofolate, which may protect 
mitochondrial integrity by reducing cytochrome c 

260 and due to its structural lability may 
have other antioxidant-like functions.46  
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A shift in the distribution of folate derivatives is not only influenced by polymorphisms 
in folate-dependent enzymes like MTHFR C677T polymorphism, but also by 
intracellular folate concentrations. Low folate concentrations are associated with a 
greater retention of one-carbon moieties for de novo nucleotide synthesis and greater 10-
formyltetrahydrofolate concentrations.46 Thus, in subjects with the MTHFR 677CC or 
677CT genotype, lower folate concentrations may be linked to DNA fidelity and 
increased oxidative phosphorylation of the mitochondria, and may explain why these 
subjects have better hearing when folate levels are low.  
 
It is unclear why elevated concentrations of vitamin B12 are associated with elevated 
hearing thresholds. It is clear that vitamin B12 deficiency is associated with neurological 
diseases, but little evidence exists that increasing vitamin B12 concentrations in non-
deficient individuals improves neurological function. Perhaps at the expense of one-
carbon commitment for de novo synthesis, high concentrations of vitamin B12 may push 
forward methylation reactions. A recent dose finding study has reported a steady 
decrease in homocysteine concentrations with increasing vitamin B12 supplementation 
however the effect of various vitamin B12 doses on folate derivatives was not examined 
(S Eussen. Personal communication). 
 
Our original hypothesis was that vascular disease risk factors, elevated homocysteine and 
decreased folate concentrations were associated with poorer hearing, possibly 
independent of vascular disease. As such, we have not measured markers of 
mitochondrial DNA damage load or markers of mitochondrial function. These 
measurements, preferably from cochlear tissues, are indeed needed to support or refute 
our theory on the importance of MTHFR C677T polymorphism in sensorineural 
hearing loss.  
 
In agreement with previous studies, prevalence of vascular disease was weakly associated 
with poor hearing. However, whether poor hearing precedes vascular disease or is 
subsequent to vascular disease has been unclear nor can be concluded from our data. 
Measurement of the extent and severity of atherosclerosis may lead to a more accurate 
risk association of hearing and vascular disease: atherosclerotic changes often precede 
vascular disease years before a clinical event, subsequent diet and lifestyle changes and 
introduction of possibly ototoxic drug regimens. However, in our population neither 
carotid intima-media thickness nor distension was related to hearing thresholds. Our 
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findings do not support a strong role for vascular disease in the etiology of age-related 
hearing loss.  
 
This study is a cross-sectional study. Therefore we cannot presume that an increase in 
folate concentrations might be beneficial for MTHFR 677TT homozygotes or 
detrimental for CC homozygotes. Our findings need to be confirmed in other 
populations that do not screen participants on characteristics influenced by MTHFR 
677TT genotype, like homocysteine concentrations. Nevertheless, when we stratified our 
data based on folate intake, which we expect is not directly influenced by MTHFR 
C677T genotype, similar, but less pronounced, associations of folate with hearing levels 
were found.  
 
The actual clinical significance associated with a maximal difference of 5 dB between 
MTHFR 677TT subjects with low and high serum folate status is quite substantial. 
Recent evidence from Epidemiology of Hearing Loss Study in Beaver Dam, Wisconsin 
has shown that over a period of five years, more than half of the subjects with impaired 
hearing (PTA >25 dB for 0.5, 1, 2 and 4 kHz) experienced ≥5 dB increase in hearing 
thresholds.312 Larger epidemiological studies are required to determine how 
environmental and genetic factors that influence one-carbon metabolism affect hearing. 
We are currently conducting a trial examining the effect of three-year supplementation 
with 0.8 mg/d folic acid on markers of vascular disease, cognitive function and hearing 
thresholds; we expect to report our findings in 2005.48 
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Abstract 
 
Background Elevated concentrations of homocysteine and low concentrations of folate 
may lead to a proinflammatory state that could explain their relation with cardiovascular 
disease risk.  
 
Aim We investigated the effect of homocysteine-lowering by folic acid supplementation 
(0.8 mg/d) on markers of inflammation. 
 
Methods In a double blind randomized placebo-controlled trial among 530 men and 
post-menopausal women, with homocysteine concentrations ≥13 µmol/L at screening, 
we investigated the effect of folic acid supplementation (0.8 mg/d) versus placebo for 
one year on C-reactive protein, soluble intercellular adhesion molecule-1, oxidized low-
density lipoprotein (LDL) and autoantibodies against oxidized LDL.  
 
Results After one year of supplementation, concentrations of serum folate increased by 
430% and homocysteine decreased by 25% in the folic acid group compared with the 
placebo group. However, no changes in plasma concentrations of the inflammation 
markers were observed.  
 
Conclusion Although homocysteine is associated with vascular disease risk in the 
general population, marked lowering of slightly elevated homocysteine concentrations by 
one-year folic acid supplementation does not influence inflammatory responses 
involving C-reactive protein, soluble intercellular adhesion molecule-1, oxidized LDL 
and autoantibodies against oxidized LDL.  
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Introduction 
Homocysteine is an independent risk factor for cardiovascular disease. Inflammation has 
been implicated in atherosclerosis and cardiovascular disease313,314 and may partly explain 
the association of homocysteine with cardiovascular disease. Homocysteine has been 
associated with a proinflammatory response in in vitro, in animal models and in humans. 
In rats elevated concentrations of homocysteine have been associated with increased 
carotid artery permeability, which may affect low-density lipoprotein (LDL) intravasation 
and accumulation in the arterial wall.246 Trapped LDL interacts with reactive oxygen 
species to form minimally oxidized LDL, which stimulates the expression of adhesion 
molecules, chemotactic proteins and growth factors. Indeed, elevated concentrations of 
homocysteine have been associated with increased concentrations of monocyte 
chemotactic protein-1 and increased expression of adhesion molecules in rats315-317 and 
in humans.318,319 In addition, homocysteine-lowering via folic acid supplementation 
ameliorated these effects.315-319 Upon further oxidation, the highly oxidized LDL is taken 
up by macrophages and vascular smooth muscle cells to form foam cells, which make up 
the fatty deposits of initial lesions. Dead foam cells form the necrotic core of more 
advanced plaque, which upon rupture releases oxidized LDL, cytokines, chemokines and 
clotting factors into the blood stream. In line with this, hyperhomocysteinemia has been 
associated with advanced atherosclerosis215,219,233 and in humans, treatment with B 
vitamins appears to hinder plaque progression.62,63 
 
In a randomized placebo-controlled trial we investigated whether homocysteine-
reduction through daily folic acid supplementation (0.8 mg) leads to decreased concen-
trations of markers of the inflammatory response, i.e. C-reactive protein, soluble inter-
cellular adhesion molecule-1, oxidized LDL and autoantibodies against oxidized LDL.  
 
Methods 
Subjects 
Data come from men and post-menopausal women aged 50 to 70 years from the 
Gelderland region in The Netherlands participating in the Folic Acid and Carotid 
Intima-media Thickness (FACIT) study, a trial investigating whether folic acid 
supplementation can halt the progression of atherosclerosis. Data was collected from the 
last 530 of the 819 subjects of the FACIT study between February 2000 and December 
2002. Major exclusion criteria were homocysteine <13 µmol/L, vitamin B12 <200 
pmol/L, renal or thyroid diseases, use of B vitamin supplements or medications that 
influence folate metabolism or atherosclerotic progression (e.g. lipid-lowering and 
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hormone replacement therapies) and <80% self-reported compliance during a six-week 
run-in period. The Medical Ethics Committee of Wageningen University approved the 
study and subjects gave written informed consent.  
 
Design 
The sequence of entry into the study was randomly allocated to either treatment using 
permuted blocks with block sizes of four and six (computer generated randomization list 
was kindly provided by Dr. Huub P.J. Willems (Department of Haematology, Leyenburg 
Hospital, The Hague, The Netherlands). The sequence number served also as the 
participant�s allocation code, thus each participant had a unique code so as to decrease 
the chance of unmasking by the investigator. After the measurement sessions, subjects 
were allocated to treatment with folic acid or placebo in capsule-form. The capsules 
were specially produced by Swiss Caps Benelux (Roosendaal, The Netherlands). 
Capsules were individually packaged in foil pill strips containing 28 pills per strip, the 
days of the week were printed on the back of the strips to aid compliance and 
registration. The capsules were indistinguishable in appearance (yellow coating and 
content) and taste. Members of the same household received the same intervention to 
avoid contamination or comparisons between pills. Blinding for the participants 
appeared successful: at the completion of the three-year trial in a sample of 260 
participants, 60% did not know which treatment they had had, 10% suspected folic acid 
treatment and 30% suspected placebo treatment. These suspicions were equally 
distributed across the folic acid and placebo groups. Research assistants allocating 
treatment, distributing treatment and collecting blood were blinded to group assignment. 
During the trial, compliance (defined as >80% of capsules taken) was judged by pill-
return counts and a calendar that registered missed pills, both returned every twelve 
weeks. Fasting venous blood was collected in K3 EDTA (1 mg/mL) vacutainer tubes 
for determination of inflammation markers for this sub-trial in the last 530 subjects at 
the time of randomization and after one year (± six weeks). Plasma was isolated 
immediately by centrifugation and, after addition of saccharose (final concentration 
0.6%) to prevent denaturation of lipoproteins during freezing, was stored in aliquots at 
-80°C until analyses.  
 
Blood measurements 
We measured plasma C-reactive protein by a commercially available ELISA (Dako, 
Glastrup, Denmark) according to the instructions of the manufacturer. The intra-assay 
CV was 6.0% and inter-assay CV was 9.7%. Plasma soluble intercellular adhesion 
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molecule-1 was measured with a sandwich ELISA described elsewhere.320 Monoclonal 
antibody HM2 was used as the capture antibody and biotin-labeled monoclonal antibody 
HM1 as the detection antibody. The lower detection limit of the assay was 400 pg/mL. 
The intra-assay CV was 2.7% and inter-assay CV was 9.1%. Plasma oxidized LDL was 
measured with a sandwich ELISA, using the monoclonal antibody 4E6 as the capture 
antibody and anti-human apoB-100 polyclonal antibody as the detection antibody. 
Monoclonal antibody 4E6 attaches to a conformational epitope in the apoB-100 moiety 
of LDL that is generated as a consequence of aldehyde substitution of lysine residues of 
apoB-100321 and is considered specific for oxidatively modified LDL. Autoantibodies 
against oxidized LDL were measured as described previously.322  
 
Plasma total homocysteine concentrations were determined with HPLC and fluorimetric 
detection.242 Serum folate and vitamin B12 were measured using a chemiluminescent 
immunoassay (Immulite® 2000, Diagnostic Products Corporation). Erythrocyte folate 
was determined in duplicate and the average was taken to reduce measurement error. 
Serum creatinine and lipids were determined using Hitachi® 747 analyzer (Roche). We 
defined hypercholesterolemia as total cholesterol >6.5 mmol/L, high-density lipoprotein 
cholesterol <0.9 mmol/L or use of lipid-lowering medication. The 5,10-
methylenetetrahydrofolate reductase (MTHFR) 677C!T polymorphism was determined 
by polymerase chain reaction of DNA and restriction enzyme digestion with HinFl.  
 
Other measurements 
A self-reported medical history, including current drug use and family history of 
premature vascular disease (onset <60 years in first degree family), and smoking were 
attained by questionnaire and reviewed by a research assistant. A participant was 
considered to have prevalent vascular disease if he had been diagnosed with angina 
pectoris, myocardial infarction, arrhythmia, stroke, or peripheral arterial disease or if he 
had undergone certain procedures (balloon angioplasty, coronary bypass surgery or 
aortic aneurysm surgery). Height and weight were measured and body mass index 
(kg/m2) was calculated. Blood pressure was measured using an automated meter 
(Dinamap® Compact Pro 100, General Electric) in supine position, while the participant 
underwent the ultrasound examination. The average of eight measurements was taken. 
We defined hypertension as systolic blood pressure ≥160 mmHg, diastolic blood 
pressure ≥95 mmHg or use of antihypertensive medication. A food frequency 
questionnaire estimated folate intake and alcohol intake in the past three months.  
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Statistical analysis 
Statistical analysis was performed using SPSS 11.0 for Windows. For each participant, 
we averaged the homocysteine concentrations measured at screening and at baseline and 
used this average in the analyses. Descriptive data are shown as mean ± standard 
deviation or median (interquartile range) depending on the distribution of the data. 
Skewed data were (natural log) transformed. Pearson correlations were used to examine 
the relation between folate and homocysteine concentrations on the one hand with 
markers of inflammation on the other hand in the total population at baseline. 
Differences in concentrations of the markers of inflammation after one-year 
supplementation between treatment groups were tested by t test. We followed the 
intention-to-treat principle and used baseline concentrations for post-treatment values of 
the inflammation markers when a subject prematurely discontinued the study. Analysis 
of variance was used to investigate whether the MTHFR C677T polymorphism 
influenced treatment effect. Statistical significance was defined as p <0.05 (two-tailed). 
Data analysis was conducted without knowledge of the treatment code, and to retain 
blinding, data were assigned fake participant numbers. Researchers were denied access to 
the original database of study values and participant numbers.  
 
Results 
Of the 530 subjects enrolled, five subjects and four subjects allocated to the folic acid 
and placebo treatment, respectively, did not return for the measurements at one year. All 
subjects, except two, reported consumption of more than 90% of the capsules, as judged 
from self-reported compliance or from capsule strip return. The lowest compliance 
reported over a three-month period was 52%. Randomization was successful as 
concentrations of homocysteine, folate and inflammation markers and their 
determinants were similarly distributed across the folic acid (n=264) and the placebo 
(n=266) groups (Table 6.1). The MTHFR 677T allelic distribution did not significantly 
differ from the calculated expected distribution, assuming a Hardy-Weinberg equilibrium 
(Table 6.1).  
 
At baseline, homocysteine and erythrocyte folate were weakly correlated with soluble 
intercellular adhesion molecule-1 (r=0.10, p=0.025; r=-0.10, p=0.026, respectively) and 
erythrocyte folate was also weakly correlated with oxidized LDL (r=-0.10, p=0.035) in 
crude analyses. As shown in Table 6.2, one-year supplementation with 0.8 mg/d folic 
acid was associated with a 430% increase in serum folate and a 25% decrease in 
homocysteine concentrations. However, folic acid treatment did not affect  
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Table 6.1 Mean (standard deviation) or median (interquartile range) values of characteristics of the folic 
acid and placebo group at the start of the study.a  
   
 Folic acid (n=264) Placebo (n=266) 
   
   
Age, years 60 ± 5 60 ± 6 
Sex, % Male 70.1 73.7 
   
Homocysteine, µmol/L 13.9 (12.9 to 15.1) 13.9 (12.7 to 15.5) 
Serum folate, nmol/L 11 (9 to 14) 11 (9 to 15) 
Erythrocyte folate, nmol/L 620 (486 to 832) 677 (540 to 833) 
Folate intake, µg/d 186 (156 to 230) 202 (161 to 250) 
Vitamin B12, pmol/L 289 (248 to 367) 288 (246 to 363) 
Vitamin B6, pmol/L 32 (25 to 41) 31 (24 to 40) 
MTHFR 677C!T genotype, % CC / CT / TT 35.0 / 47.5 / 17.5 45.1 / 41.3 / 13.6 
   
C-reactive protein, mg/L 1.5 (0.7 to 3.1) 1.1 (0.6 to 2.4) 
sICAM-1, µg/L 139 (118 to 160) 139 (114 to 165) 
Oxidized LDL, U/L 52 (39 to 70) 52 (40 to 68) 
Oxidized LDL / LDL ratio, U/mmol 13 (10 to 18) 13 (10 to 18) 
IgG against oxidized LDL, OD450 0.15 (0.09 to 0.22) 0.14 (0.08 to 0.24) 
IgM against oxidized LDL, OD450 0.13 (0.07 to 0.23) 0.14 (0.08 to 0.24) 
   
Total cholesterol, mmol/L 5.9 ± 1.1 5.9 ± 1.2 
High-density lipoprotein cholesterol, mmol/L 1.2 ± 0.3 1.3 ± 0.4 
Low-density lipoprotein cholesterol, mmol/L 4.1 ± 1.0 4.1 ± 1.1 
Hypercholesterolemia, % 42.4 36.8 
Systolic blood pressure, mmHg 133 ± 16 133 ± 17 
Hypertension, % 22 20 
Creatinine, µmol/L 91 ± 12 93 ± 12 
Alcohol intake, g/d 13 (4 to 24) 13 (5 to 23) 
Body mass index, kg/m2 27 ± 3 27 ± 4 
Current smoking, % 22.0 18.4 
Diabetes mellitus, % 2.3 4.1 
Prevalent vascular disease, % 15.5 9.8 
   
a Abbreviations. MTHFR 5,10-methylenetetrahydrofolate reductase 677C!T polymorphism; sICAM-1 soluble 
intercellular adhesion molecule-1; LDL low-density lipoprotein; OD450 optical density at 450 nm. 
 
concentrations of the inflammation markers. Nor did lipid parameters change due to 
treatment (data not shown). 
 
At baseline, homocysteine concentrations were 8% higher and serum folate 
concentrations were 18% lower in MTHFR 677TT homozygotes compared with 
subjects with the CC genotype. Concentrations of inflammation markers did not differ 
between the genotypes (data not shown). Furthermore, MTHFR 677C!T genotype did 
not appear to modify the effect of folic acid supplementation on markers of 
inflammation after one year (data not shown).  
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Discussion 
In this one-year randomized placebo-controlled trial, marked reduction of slightly 
elevated homocysteine concentrations through daily folic acid supplementation did not 
affect plasma concentrations of oxidized LDL, autoantibodies against oxidized LDL, 
soluble intercellular adhesion molecule-1 or C-reactive protein in an elderly population 
with a median dietary folate intake below that of the Dutch RDA (300 µg/d). Although 
homocysteine is associated with vascular disease risk in the general population, it is 
unlikely that homocysteine or folic acid act by influencing these markers of 
inflammation.  
 
This randomized controlled trial is the largest trial to date, and, in line with two previous 
studies, did not detect a decrease in concentrations of C-reactive protein following 
homocysteine-lowering.109,110 Furthermore, to our knowledge, our study is the first to 
report an absence of effect of folic acid supplementation on soluble intercellular 
adhesion molecule-1. Other adhesion molecules like vascular cell adhesion molecule-1 
and E-selectin did not respond to two-year supplementation with a combination of folic 
acid and pyridoxine.110 Upon homocysteine elevation, concentrations of vascular cellular 
adhesion molecule-1,318 but not P-selectin,323 concomitantly increased hours after 
methionine loading. In the former study, whether this increase was significant relative to 
control group is unclear.  
 
There is considerable evidence that C-reactive protein, soluble intercellular adhesion 
molecule-1 and oxidized LDL are involved in atherosclerosis314,324 and predict risk of 
cardiovascular disease,325,326 although, longitudinal studies on the association of oxidized 
LDL with cardiovascular disease risk are more scarce.327 Formation of oxidized LDL in 
vivo leads to the generation of autoantibodies against various forms of oxidized LDL. 
Findings from experimental and epidemiological research on the relation of 
autoantibodies against oxidized LDL with atherosclerosis or cardiovascular disease are 
inconsistent. Plasma levels of autoantibodies against oxidized LDL correlate with 
amount of oxidized LDL in lesions, have been associated with risk of cardiovascular 
disease,328,329 although not consistently330 and localize to atherosclerotic lesions in vivo.324 
The mechanism via which autoantibodies against oxidized LDL influence atherosclerosis 
is not clear but may involve clearance of atherogenic oxidatively modified LDL. IgG 
autoantibodies against oxidized LDL were shown to induce macrophage Fcγ receptor-
mediated phagocytosis of oxidized LDL.331 On the other hand, autoantibodies against 
oxidized LDL  may block uptake of oxidized LDL by macrophages.332,333

  Moreover,  oxi- 
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Table 6.2 Median (interquartile range) concentrations of serum folate, plasma homocysteine and 
inflammation markers after one-year treatment with folic acid or placebo.a  
        
 Folic acid  Placebo   p valueb 
     
     
Serum folate, nmol/L 60 (45 to 85) 12 (10 to 15)  <0.001 
Homocysteine, µmol/L 9.1 (8.1 to 10.5) 12.6 (10.9 to 14.8)  <0.001 
     
C-reactive protein, mg/L 1.4 (0.9 to 3.1) 1.2 (0.6 to 3.1)  0.883 
sICAM-1, µg/L 139 (119 to 161) 139 (118 to 170)  0.688 
Oxidized LDL, U/L 53 (39 to 71) 55 (41 to 70)  0.918 
Oxidized LDL /LDL ratio, U/mmol 14 (10 to 19) 14 (10 to 19)  0.898 
IgG against oxidized LDL, OD450 0.12 (0.08 to 0.21) 0.13 (0.07 to 0.26)  0.393 
IgM against oxidized LDL, OD450 0.13 (0.07 to 0.23) 0.13 (0.08 to 0.23)  0.116 
       
a Abbreviations. sICAM-1 soluble intercellular adhesion molecule-1; LDL low-density lipoprotein; OD450 optical 
density at 450 nm. 
b We used the t test to test whether the (natural log) transformed mean concentration after 1 year differed 
between the groups, based on intention-to-treat principles.  

 
datively modified LDL has been found to bind to innate pattern recognition receptors 
such as CD14 and C-reactive protein and activate toll-like receptor 4, which could 
enhance macrophage function and atherogenesis.334 
 
In our population, erythrocyte folate but not homocysteine was weakly inversely related 
to oxidized LDL, however, folic acid supplementation did not affect concentrations of 
oxidized LDL or autoantibodies against oxidized LDL. These findings concur with trials 
in the general population or in patients with coronary disease, which found no effect of 
B vitamin supplementation on in vitro LDL oxidizability or plasma malondialdehyde, a 
final product of lipid peroxidation.105-107 Likewise, folic acid supplementation in 
combination with vitamin B12 did not decrease urinary levels of 8-epi-prostagladin F2α, 
an indicator of oxidative stress, in subjects with cognitive impairment.100 In renal 
patients, however, oxidative stress appears responsive to high doses of folic acid or 
folinic acid therapy. In these patients, a 40-50% decrease in homocysteine 
concentrations was associated with a 30-40% reduction in serum and erythrocyte 
malondialdehyde concentrations and a 13% reduction in autoantibodies against oxidized 
LDL.335-337 These trials did not employ a placebo-controlled arm and hence should be 
interpreted with caution. In our study a comparable decrease in homocysteine 
concentrations was found (25% decrease), and the decrease in subjects with the MTHFR 
677TT genotype was even greater (40% decrease). Nevertheless, concentrations of the 
inflammation markers did not respond to folic acid in subjects with the MTHFR 677TT 
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genotype, similar to earlier findings,106 or in subjects in the upper half of the 
homocysteine distribution (data not shown). Although the relative reduction was similar, 
the renal patients post-intervention concentrations of homocysteine were much higher 
compared with our own study (~20 vs. 9 µmol/L, respectively). One study in the general 
population has shown a decrease in C-reactive protein concentrations after multi-vitamin 
supplementation, which included 0.8 mg folic acid, however the effect was greater in 
subjects with initial C-reactive protein concentrations ≥1 mg/L.338 However, even when 
we confined our analyses to those subjects in the upper half of the distribution of the 
inflammation markers or in the lower half of the folate distribution our results did not 
change (data not shown).  
 
Were we too late in intervening, was the duration not long enough or is folic acid an 
inappropriate intervention? We have shown that one-year folic acid supplementation in 
the elderly (mean age 65 years) did not lead to an improvement in markers of 
inflammation despite a marked decrease in homocysteine. The trials in renal patients that 
observed reductions in autoantibodies against oxidized LDL and malondialdehyde were 
shorter than our trial (three to six months).335-337 Furthermore, a two-year trial in subjects 
younger than our population did not detect differences in C-reactive protein and 
adhesion molecules (mean age 47 years). Whether a dietary folate approach or 
supplemental folic acid may determine the success of homocysteine-lowering on 
inflammatory markers is unclear. Adhering to a folate-rich diet for sixteen weeks, 
compared with folic acid or control diet, did not affect malondialdehyde 
concentrations.106 However, in patients with coronary artery disease, a whole grain diet 
compared with the white-rice control was associated with a decrease in homocysteine 
and malondialdehyde concentrations after sixteen weeks.339  
 
The possible pathogenic mechanism of elevated concentrations of homocysteine in 
cardiovascular disease remains unclear. Elevated concentrations of homocysteine and 
decreased concentrations of folate may have proinflammatory properties in the 
elderly;319 however, their amelioration through folic acid supplementation is unlikely to 
influence C-reactive protein, soluble intercellular adhesion molecule-1 and oxidized 
LDL, directly. We must await the large secondary prevention trials to evaluate whether B 
vitamin supplementation indeed leads to less cardiovascular disease. 
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The main objectives of this thesis were to describe the relationship between folate and 
homocysteine, on the one hand, with markers of cardiovascular disease risk, cognitive 
performance and hearing thresholds, on the other hand, using data from the FACIT 
study participants at baseline. Furthermore, we studied the effect of supplementation 
with folic acid on reduction in plasma concentrations of inflammation markers after 
one-year in the FACIT study participants. In this chapter we discuss how our findings 
on the association of folate and homocysteine with risk of cardiovascular disease, 
cognitive performance and hearing impairment add to the understanding of the etiology 
of cardiovascular disease, age-related cognitive decline and age-related hearing loss, 
respectively, in the middle-aged and elderly. Drawing on our findings, we suggest 
promising research areas that will further our understanding of these age-related 
conditions and discuss implications for public health policy.  
 
Cardiovascular disease risk  
Low concentrations of folate were weakly associated with increased risk of 
cardiovascular disease as measured by carotid artery intima-media thickness, a valid 
surrogate marker of cardiovascular disease risk and a structural marker of atherosclerosis 
(Chapter 3).57 The association was independent of conventional risk factors for vascular 
disease and homocysteine concentrations (Chapter 3). Similar to our own results, large 
observational studies have shown an inverse association between folate status and 
clinically relevant endpoints such as cardiovascular morbidity and mortality.36 However, 
we were the first research group to detect an inverse association between folate and 
carotid intima-media thickness, perhaps because other study populations had an 
adequate folate status (Chapter 2). Ten percent of our study population was deficient in 
folate, a likely consequence of our inclusion criterion for slightly elevated concentrations 
of homocysteine. Evidence from two randomized controlled trials�one in renal 
transplant recipients and the other in vascular disease patients�shows that folic acid 
supplementation, in combination with other B vitamins, leads to regression of the 
carotid intima-media thickness.54,55   
 
Hyperhomocysteinemia, on the other hand, was not associated with vascular disease risk, 
as measured by carotid intima-media thickness (Chapter 3). Our results are in line with 
the vast majority of studies, which have found no association of elevated concentrations 
of homocysteine with carotid intima-media thickness (Chapter 2). This suggests that 
previous observational studies, which examined the association of homocysteine and 
clinical end points of vascular disease may be explained by reverse causality, as carotid 
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intima-media thickening occurs years before complications associated with advanced 
atherosclerosis become clinically evident. Alternatively, the pathogenic mechanisms 
associated with hyperhomocysteinemia may not affect atherosclerosis, but other 
processes often associated with atherosclerosis such as thrombosis.  
 
In 1962, the clinical significance of homocysteine was discovered when two research 
groups simultaneously reported venous thrombosis and other vascular abnormalities in 
patients with severely elevated concentrations of homocysteine.340,341 These patients were 
later discovered to have inborn errors in the metabolism of homocysteine.342 In these 
patients, treatment with B vitamins has reduced the risk of thromboembolic disease.124 
However, in patients with hyperhomocysteinemia, treatment with B vitamins did not 
decrease the recurrence of deep venous thrombosis or lung embolism compared with 
patients taking the placebo (relative risk 0.8, 95% CI 0.6 to 1.3; M den Heijer. Personal 
communication). High concentrations of homocysteine have been also associated with 
arterial thrombosis, both in the general population and in vascular disease patients.50 
Arterial thrombosis, however, often occurs in subjects with advanced atherosclerosis; 
thus, it is impossible to disentangle the relative contribution of advanced atherosclerosis 
from arterial thrombosis when using clinical endpoints such as myocardial infarction or 
transient ischemic attack. High concentrations of homocysteine have been associated 
with an imbalance in hemostasis markers, favoring thrombogenesis.343 However, 
experimental studies with vascular disease patients or in the general population have led 
to inconsistent results on the effect of B vitamins on markers of hemostasis (see 
references therein).109 In the FACIT trial, one-year supplementation with folic acid did 
not influence markers of hemostasis involved in either the pro-coagulation or 
fibrinolytic pathways.109  
 
The lack of association between homocysteine and vascular disease risk may be because 
high homocysteine concentrations affect the arterial wall in other ways than carotid 
intima-media thickening. The effects of hyperhomocysteinemia on the thickening of the 
intima and media walls are inconsistent in animal models and have been relatively 
unexplored in humans.219,220,233,248 The only morphological distinction in the femoral 
arteries between peripheral arterial disease patients with or without 
hyperhomocysteinemia was a decreased medial smooth muscle cell / extracellular matrix 
ratio, which may lead to an increase in arterial stiffness.221 These changes cannot be 
detected by carotid intima-media thickness. However, we show that neither folate nor 
homocysteine are associated with carotid distension, a marker of arterial stiffness 
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(Chapter 3). This is in agreement with other observational studies conducted in the 
general population, showing no association between homocysteine and markers of 
arterial stiffness.85,87  
 
Recent evidence suggests that high concentrations of homocysteine lead to greater 
plaque progression and treatment with B vitamins may slow down the rate of 
progression in patients with unexplained advanced atherosclerosis.62 Although carotid 
intima-media thickness and plaque prevalence are correlated, measurement of plaque 
size may better capture a relation, if any, with homocysteine than arterial wall thickening. 
Therefore, we have included plaque measurements in the final year of the FACIT trial. 
The results shall be presented in 2005. The future holds more advanced non-invasive 
techniques for imaging of atherosclerosis, such as the visualization of plaque 
composition with magnetic resonance imaging using contrast agents that depict 
macrophage activity. These techniques may enable us better study the possible 
atherogenic actions associated with low concentrations of folate or high concentrations 
of homocysteine. 
 
Although the precise mechanism remains unclear, folate may be protective against 
vascular disease because of its possible antioxidant capacities, independent of 
homocysteine-lowering.208 Oxidative stress leads to endothelial dysfunction and an 
inflammation response, forming the initial stages of atherogenesis. Folate can reduce 
reactive oxygen species generation by endothelial nitric oxide synthase,105,308 ameliorate 
homocysteine-mediated oxidation of low-density lipoprotein (LDL)344 and endothelial 
dysfunction.108 Support for an antioxidant mechanism comes from similar studies which 
show that, like folate, other antioxidants such as vitamin C can limit homocysteine-
mediated markers of LDL oxidation345 and improve homocysteine-mediated endothelial 
dysfunction.346 Subsequent hyperhomocysteinemia due to low concentrations of folate 
may also enhance oxidation, although its oxidative effects on e.g. LDL are uncertain. 
Whereas some studies find that homocysteine is a pro-oxidant to LDL, other studies 
show that it protects LDL from oxidation (and references therein).347 Nevertheless, folic 
acid supplementation and subsequent homocysteine-lowering did not affect 
concentrations of plasma oxidized LDL or autoantibodies against oxidized LDL 
(Chapter 6), in agreement with other randomized controlled trials which investigated the 
effect of folic acid on markers of LDL oxidation.105-107 Nor does folic acid 
supplementation and subsequent homocysteine-lowering affect concentrations of plasma 
inflammation markers such as C-reactive protein and soluble intercellular adhesion 
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molecule-1 (Chapter 6). More promising results on markers of oxidation and 
inflammation have come from trials that employ dietary interventions or multivitamin 
supplements rather than just folic acid or the B vitamins.107,338,339,348 This suggests that 
other factors that commonly vary with folate intake may explain the antioxidant or anti-
inflammatory role of folate. Finally, low concentrations of folate and high 
concentrations of homocysteine may affect cardiovascular risk through other oxidative 
or inflammatory mechanisms, like upregulation of NF-κB215,315�a transcriptional factor 
central to the inflammatory response�and upregulation of macrophage-bound lectin-
like oxidized LDL receptor.319 The anti-inflammatory properties of agents that decrease 
homocysteine concentrations presumably without affecting folate concentrations will 
help disentangle whether a beneficial effect of homocysteine-lowering is independent of 
folate.  
 
Neurodegenerative disorders  
Cognitive performance 
Low concentrations of folate were associated with poor cognitive performance, 
independent of vascular disease and its risk factors, including homocysteine (Chapter 4). 
High concentrations of homocysteine were associated with poor cognitive performance 
as well. Although low folate and high homocysteine concentrations were associated with 
poor cognitive performance, the 5,10-methylenetetrahydrofolate reductase (MTHFR) 
677TT genotype was associated with better cognitive function. This finding was 
unexpected, as subjects with the MTHFR 677TT genotype tended to have higher 
homocysteine concentrations than subjects with a MTHFR 677C allele.  
 
There is a vast, but inconsistent literature on the relation between folate and cognitive 
outcome measures. The late Dr. Herbert was one of the first researchers to describe the 
link between folate and cognition, be it in a �n=1� study. He subjected himself to a folate-
deficient diet for three months, after which he reported feelings of paranoia, irritability 
and forgetfulness. These feelings resided once folates were replenished in his diet.251 
Likewise, supplementation with folate has been associated with improved cognitive 
performance and general mental function in patients with deficient levels of B vitamins 
and in patients with inborn errors of the one-carbon metabolism.252-259 Even low, but not 
deficient, levels of folate have been associated with cognitive performance. In 1983, 
Goodwin and colleagues were the first to demonstrate an association of folate status 
with cognitive performance in the general population.349 Since then, many cross-
sectional and longitudinal studies have reported on the relation between folate and 
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cognitive performance in the general population.92,93 The low suitability of tests, often 
small sample sizes and type of analyses (i.e. linear vs. extreme percentile analyses) may 
explain the often disparate results of the studies. Whether correction of low levels of 
folate or high levels of homocysteine via folic acid supplementation will improve 
cognitive performance is inconclusive. Many trials employed small study populations, 
lacked a control group or placebo treatment, allocated multiple interventions such that 
the effect of folic acid supplementation could not be delineated or used inappropriate 
tests.47,95-99 Many of the large secondary prevention studies which examine the effect of 
homocysteine-lowering on cardiovascular disease endpoints will include measures of 
cognitive function, albeit obtuse measures like the Mini-Mental State Examination,275 a 
test commonly used for dementia screening (R Clarke. Personal communication).  
 
Hearing 
Folate, not homocysteine, was directly associated with hearing impairment, however, this 
association was confined to subjects with the MTHFR 677C allele (Chapter 5). These 
results are unexpected and are not in line with the two previous studies, which examined 
the association of folate or homocysteine with hearing levels in individuals with age-
related hearing loss. The first study detected an inverse association in a small study 
sample of American women: high concentrations of folate were correlated with hearing 
acuity.102 The second study, a Danish study, did not detect an association between folate 
or homocysteine and hearing levels in subjects referred to an audiology department.103 
Furthermore, animal studies have shown that deficiencies in vitamins B12 and B6 and 
para-aminobenzoic acid have been associated with demyelinization of the auditory 
neurological tissue and other cochlear malformations.309 No studies have been 
conducted that examine the effect of folate-deficient diets on cochlear morphology or 
hearing in animal models. 
 
Mechanisms of folate action for neurodegeneration 
Most research on the possible involvement of folate in the etiology of 
neurodegeneration has concentrated on the homocysteine-raising effect of folate 
deficiency. Low concentrations of folate and high concentrations of homocysteine may 
promote neurodegenerative changes in several ways by affecting the neuron directly: 
oxidative stress,350,351 enhancement of β-amyloid peptide-dependent neurotoxicity,351-353 
impairment of DNA repair mechanisms,352 including down regulation of DNA repair 
gene expression,354 loss of mitochondrial membrane potential355 and neuronal 
apoptosis.356 Homocysteine may have direct toxic effects on neurons, e.g. though 
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overexcitation of N-methyl-D-aspartate receptors.305 Mattson and Shea provide an 
overview of possible pathogenic mechanisms of folate deprivation and subsequent 
extracellular accumulation of homocysteine for neurodegenerative disorders.357 
Aberrations to the vessels that supply the brain and cochlea may disrupt the transfer of 
essential nutrients and removal of toxic metabolites. Folate deficiency or subsequent 
hyperhomocysteinemia have been associated with degeneration of the endothelium and 
brain-blood barrier,358 cerebral microangiography,359 anti-angiogenic changes360,361 and 
cerebrovascular disease.32 Unfortunately, no research has focused on the possible 
adverse effects of low concentrations of folate and increased concentrations of 
homocysteine on cochlear cells or the stria vascularis. The question remains whether 
hyperhomocysteinemia per se or other factors involved in folate metabolism are 
responsible for the putative effects associated with folate deficiency. In support of the 
latter, observations in patients with severe MTHFR deficiency compared with patients 
with severe cystathionine β-synthase deficiency have more pronounced neurological 
pathologies, despite lower concentrations of homocysteine.362  
 
Apart from hyperhomocysteinemia, changes in methylation status may be interrelated to 
aberrations in folate metabolism. The hypomethylation theory of neurocognitive decline, 
originally brought forth by Osmond and Smythies,280 is based on the premise that low 
levels of folate or high levels of homocysteine result in inhibition of S-
adenosylmethionine biosynthesis, the major methyl donor in our body, or inhibition of 
methyltransferase reactions (see Figure 1.1). Methylation reactions are necessary for a 
variety of physiological reactions in our central nervous system e.g. neurotransmitter 
biosynthesis. Support for the hypomethylation theory comes from studies that show 
depressed S-adenosylmethionine concentrations in patients with neurological and 
psychiatric disorders, the amelioration of depressive symptoms upon S-
adenosylmethionine therapy, the enhancement of anti-depressive therapy when co-
supplemented with folic acid (see Calvaresi and Bryan for review).92 Therapies with 
betaine, a methyl donor which has been shown to decrease homocysteine concentrations 
and increase S-adenosylmethionine concentrations in cerebrospinal fluid,282,363 have been 
shown to alleviate neurological symptoms in patients with low or undetectable levels of 
MTHFR activity282 and improve cognitive performance.283 Application of methionine to 
the round window of the inner ear during cancer therapy with ototoxic anti-folate agents 
is able to protect the ear from sensorineural hearing loss.364,365 Whether the effect of 
methionine, a precursor to S-adenosylmethionine, is due to an increase in methylation 
capacity is uncertain. Other cellular changes take place when S-adenosylmethionine 
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concentrations increase. For example, a shift in the distribution of folate derivatives is 
expected to take place, as S-adenosylmethionine is an allosteric inhibitor of MTHFR. 
The effects of MTHFR inhibition may include an accumulation of 5,10-
methylenetetrahydrofolate, a molecule central to allocation of one-carbon metabolism 
between the cytosol and the mitochondria,366 increase in one-carbon moieties for de novo 
nucleotide synthesis and an increase in formyl folate derivatives (see Figure 1.1). The 
inhibition of MTHFR may explain why methionine treatment is effective in alleviating 
the biochemical symptoms in patients with B12 deficiency thought to be due to the 
�methyl trap.�367 
 
This shift in folate derivatives distribution due to S-adenosylmethionine may be similar 
to that seen in subjects with the MTHFR 677TT genotype. Subjects with the MTHFR 
677TT have a decreased MTHFR activity compared with the wild type enzyme as 
suggested by in vitro studies.202 MTHFR 677TT homozygotes compared with CC 
homozygotes are thought to have a higher formyl : methyl tetrahydrofolate derivative 
ratio,207 and presumed, therefore, to have a lower methylation capacity as indicated by 
elevated concentrations of homocysteine. Conversely, higher cytosolic 10-
formyltetrahydrofolate concentrations may salvage mitochondrial bioenergetic 
efficiency260 and in cancer tissues has been associated with decreased cytotoxicity270 and 
apoptosis.271  
 
Perhaps the consequences associated with a reduced activity of the MTHFR in subjects 
with the 677TT genotype may help explain our unexpected findings regarding the 
association of MTHFR 677TT genotype with neurodegenerative conditions. We found 
that subjects with the MTHFR 677TT genotype performed better on cognitive tests and 
had better hearing compared with subjects with the MTHFR 677C allele. This may be a 
chance finding, a result of our screening criteria or may reflect a real association and, 
therefore, may lead to insight into the etiology of neurodegenerative processes. 
Assuming that reduced activity of MTHFR is associated with increased DNA fidelity 
and mitochondrial bioenergetic efficiency due to an increase in one-carbon moieties for 
de novo nucleotide synthesis and an increase in 10-formyltetrahydrofolate synthesis, our 
findings support the mitochondrial DNA damage theory of age-related hearing loss287 
and the mitochondrial decay theory of age-related cognitive decline.368 Few studies have 
reported on the nature of the association of MTHFR C677T polymorphism with 
cognitive function. These studies were not able to detect an association between 
MTHFR C677T polymorphism with high intelligence in children272,273 or in older 
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adults.273 No studies have examined the association between MTHFR genotype and 
hearing levels.  
 
How can we rectify our own unexpected findings that low folate status was associated 
with better hearing in subjects with the MTHFR 677C allele? Researchers have 
speculated that the activity of the enzymes involved in folate metabolism depend in part 
on intracellular folate concentrations. Specifically, low folate concentrations ensure a 
greater competition for 5,10-methylenetetrahydrofolate, favoring one-carbon 
commitment to thymidylate synthesis and formyl-folate reactions rather than 5-methyl-
tetrahdyrofolate synthesis.46,369,370 Low folate concentrations, thus, may mimic the 
MTHFR 677TT genotype and may explain why subjects with the wild type enzyme have 
better hearing when folate levels are low. If our findings are confirmed in other (larger) 
populations, then more research should be conducted on how folate status affects the 
formyl-folate / methyl-folate ratio and the possible importance of methenyl and formyl-
folate reactions in relation to neurodegenerative disorders. How can we explain that only 
the relation between folate and hearing depends on genotype, and not cognitive 
function? A possible explanation may the sensitivity of the cochlea to perturbations in 
both mitochondria and folate metabolism. 
 
Sensorineural hearing loss, the pattern of hearing loss characterizing age-related hearing 
loss, is the first symptom seen in patients with mitochondrial disorders, before other 
neurodegenerative processes and cardiomyopathy take place.371 In addition sensorineural 
hearing loss is a common side effect of folate analogue therapy used mainly against 
cancers, appearing within days after therapy commencement.372 Deterioration of hearing 
in the ultra high frequencies may take place even sooner.373 Several lines of evidence 
suggest that mitochondrial function and folate metabolism are interrelated. Folate 
analogue-induced cytotoxicity is thought to be due to the inhibition of complexes I and 
IV of the electron transport chain located in the mitochondria.374 Indeed, sensitivity to 
folate analogue therapy is dependent on the involvement of mitochondria as shown 
from in vitro studies using Chinese hamster ovary cells with selective expression of 
folypolyglutamate synthetase, an enzyme responsible for folate sequestration, located in 
the mitochondria and cytosol.375 As a consequence of folate analogue therapy, folate 
content decreased seven-fold and three-fold in the mitochondria and cytosol, 
respectively in those studies.375 Thus, the mitochondria are responsible for a drastic drop 
in folate levels subsequent to folate analogue therapy, considering that approximately 
half of cellular folate is located in mitochondria.46 As mentioned earlier, 10-
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formyltetrahydrofolate was able to increase oxidative phosphorylation;260 results from 
previous studies suggest that treatment with mitochondrial metabolites which improve 
oxidative phosphorylation also improve hearing and cognitive function.287,368 Clearly, 
sensorineural hearing loss is easily affected by mitochondrial disorders or anomalies in 
folate metabolism, however, whether 10-formyltetrahydrofolate also acts as a 
mitochondrial metabolite that improves hearing requires further research.  
 
To test the hypothesis that DNA infidelity and mitochondrial decay are involved in age-
related neurodegenerative disorders, such as cognitive decline and age-related hearing 
loss, we need trials to investigate the effect of mitochondrial metabolites (e.g. coenzyme 
Q10, α-lipoic acid, melatonin and acetyl L-carnitine), both in the short-term and long-
term, on hearing levels and cognitive performance. To support or refute or hypotheses, 
large cohorts need to examine polymorphisms in genes encoding folate-related enzymes, 
including the MTHFR C677T and MTHFR A1298C, and other polymorphisms which 
are involved in DNA fidelity and general folate status, such as the double (2R2R) or 
triple (3R3R) tandem repeat in the promoter region of thymidylate synthase and 
cytosolic serine hydroxymethyltransferase C1420T, respectively (See Figure 1.1). Finally, 
more in vitro and in vivo studies need to be conducted which examine the effect of greater 
one-carbon commitment to de novo nucleotide synthesis and 10-formyltetrahydrofolate 
synthesis on the mitochondria and DNA stability.  
  
Conclusion 
Increased concentrations of folate, independent of its role in homocysteine-lowering, are 
weakly associated with decreased risk of cardiovascular disease and better cognitive 
function, but not with hearing acuity. Inflammation, as measured by oxidized LDL, 
autoantibodies against oxidized LDL, C-reactive protein and soluble intercellular 
adhesion molecule-1, is not likely to be an immediate factor to explain the link between 
folate and health, as these markers were immune to one-year folic acid supplementation. 
We speculated that phenotypic differences related to MTHFR 677C!T genotype, other 
than hyperhomocysteinemia, may be important perhaps through conserving DNA 
fidelity and mitochondrial bioenergetic efficiency.  
 
Further research is required to explore the role of folate in these conditions, as well as to 
justify health claims of folate. If faced with the decision whether to fortify the national 
food chain with folic acid, public health policy makers should wait for the large trials to 
report their findings on the effects of folic acid, alone or in combination with other B 
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vitamins, on cardiovascular disease and dementia. In 2005, the FACIT trial researchers 
will report their findings on the effect of three-year folic acid supplementation on 
cardiovascular disease risk, cognitive decline and age-related hearing loss. 
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Folate and age-related disease 
Demographic trends show that by 2050, approximately 30% of people in industrialized 
countries will be 65 years or older. Aging is associated with increased risk of 
cardiovascular and neurodegenerative disorders and increased prevalence of their risk 
factors. Slowing down age-related disease processes will add quality to longer lives and 
should be an imperative for public health policy. Modifiable risk factors for age-related 
diseases need to be identified and their causality determined. The prevalence of low 
concentrations of folate and high concentrations of homocysteine in the blood increases 
with age, perhaps in part as a consequence to changes in dietary pattern. Both low folate 
and high homocysteine concentrations have been associated with cardiovascular disease 
and neurodegenerative disorders. Homocysteine is an amino acid located at the fork of 
two pathways in the metabolism of methionine, which relies on coenzymes derived from 
vitamin B12, folate and vitamin B6. The majority of hyperhomocysteinemic cases are 
attributed to low B vitamin levels. In addition, a 677C!T mutation in the gene encoding 
5,10-methylenetetrahydrofolate reductase (MTHFR), a key enzyme in the remethylation 
cycle, increases homocysteine by approximately 25% in subjects with the MTHFR 
677TT genotype. Supplementation with folic acid can reduce homocysteine 
concentrations by approximately 25% in the general population. 
 
We investigated the association of folate and homocysteine with risk of cardiovascular 
disease, as measured by carotid intima-media thickness and arterial stiffness (Chapter 3), 
cognitive performance (Chapter 4) and hearing (Chapter 5). Cross-sectional data come 
from the participants of the FACIT trial obtained from the baseline measurements. 
FACIT is an acronym for Folic Acid and Carotid Intima-media Thickness. The FACIT 
trial investigates the effects of 0.8 mg folic acid supplementation for three years on 
carotid intima-media thickness, cognitive function and hearing in 819 middle-aged and 
elderly Dutch men and women. In addition, we investigated the effect of one-year folic 
acid supplementation on inflammation markers (Chapter 6). Inflammation is the initial 
step in the atherosclerotic process and has been associated with cardiovascular disease, 
dementia and hearing loss.  
 
Symptomatic vascular disease is preceded by atherosclerotic changes in the arterial 
system and is culminated by triggers such as plaque disruption and secondary thrombotic 
complications leading to vessel occlusion and subsequent ischemia. Carotid intima-
media thickness is a valid surrogate marker of vascular disease and a marker of 
generalized atherosclerosis. Whether low folate or high homocysteine concentrations 
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exert their effects via thrombotic or atherogenic mechanisms and whether they are 
involved in early or advanced stages of atherosclerosis is uncertain. In the 819 FACIT 
participants, low concentrations of erythrocyte folate were associated with increased 
carotid intima-media thickness, independent of other vascular disease risk factors (mean 
difference first vs. third quartile 0.03 mm, 95% CI 0.004 to 0.06 mm, first vs. fourth 
quartile 0.03 mm, 95% CI -0.002 to 0.06 mm). Homocysteine, on the other hand, was 
not associated with carotid intima-media thickness. In contrast to carotid intima-media 
thickness, neither folate nor homocysteine were associated with carotid distension, a 
marker of arterial stiffness. Our findings support a pathogenic role of low folate in 
atherosclerosis and vascular disease, through mechanisms other than homocysteine-
lowering. We were the first research group to detect an inverse association between 
folate and carotid intima-media thickness, perhaps because other study populations had 
an adequate folate status.  

 
Low folate concentrations, hyperhomocysteinemia and vascular disease have been 
implicated in poor cognitive performance. We investigated whether folate was associated 
with cognitive performance using a battery of cognitive tests sensitive to age-related 
cognitive decline. In addition, we explored whether the association of folate with 
cognitive function was independent of homocysteine and vascular disease. Low 
concentrations of folate were associated to poor cognitive performance on memory and 
speed-related functions, independent of vascular disease and its risk factors, including 
homocysteine. Our results support a role of folate in age-related cognitive decline, as 
tests performed poorly by subjects with low folate concentrations were the same tests 
with the greatest variability with age. Although low folate and high homocysteine were 
associated with poor cognitive performance, the MTHFR 677TT genotype was 
associated with better cognitive function. Given the small sample size of our population, 
the protective association observed with the MTHFR 677TT genotype and better 
cognitive performance may be due to chance. However, if our findings are confirmed in 
larger study populations, this may implicate the other phenotypic differences related to 
MTHFR 677TT genotype, besides increased homocysteine concentrations. For example, 
subjects with the MTHFR 677TT genotype may experience a shift in the folate 
derivative distribution, favoring formyl-folate derivatives and possibly favoring formyl-
folate driven reactions such as de novo nucleotide synthesis and mitochondrial oxidative 
phosphorylation. Both of these processes may be important for DNA fidelity and 
mitochondrial health of the neuron. 
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Age-related hearing loss is one of the four most common disorders of the elderly. 
Despite studies that observed cochlear deformations in animals fed diets deficient in B 
vitamins, little attention has been given to the role of diet, including folate, in the 
prevalence or incidence of age-related hearing loss. We investigated the association of 
folate with hearing thresholds in 729 participants with age-related hearing loss from the 
FACIT trial. Contrary to our a priori hypothesis, folate, not homocysteine, was directly 
associated with hearing impairment. Researchers have speculated that the activity of the 
enzymes involved in folate metabolism depend in part on intracellular folate 
concentrations. Specifically, low folate concentrations may mimic the MTHFR 677TT 
genotype, such that a greater competition exists favoring formyl-folate reactions, which 
then may enhance DNA stability and oxidative mitochondrial phosphorylation. In fact, 
subjects with the MTHFR 677TT genotype had better hearing than subjects with the CC 
or CT genotype and low folate concentrations were associated with poorer hearing in 
subjects with the MTHFR 677C allele only. If our findings are confirmed in other 
populations, then more research should be conducted on the role of formyl-folates in 
relation to cochlear health and hearing.  
 
Low folate and high homocysteine concentrations have been associated with a 
proinflammatory state. Inflammation, on the other hand, has been associated with 
vascular disease and dementia. We investigated the effect of one-year folic acid 
supplementation and subsequent homocysteine-lowering on inflammation markers in 
middle-aged and elderly men and women. A randomized controlled trial design was used 
to evaluate the effect of one-year folic acid treatment on plasma concentrations of 
oxidized low-density lipoprotein (LDL), autoantibodies against oxidized LDL, soluble 
intercellular adhesion molecule-1 and C-reactive protein in the final 530 subjects enrolled 
in the FACIT trial. Although folic acid supplementation caused a considerable increase 
in serum folate (430% increase) and a reduction in homocysteine (25% decrease) 
concentrations, we found no decrease in plasma concentrations of the inflammation 
markers. The pathogenic mechanism associated with low folate and high homocysteine 
concentrations remains elusive. Low concentrations of folate and high concentrations of 
homocysteine may affect cardiovascular risk through other oxidative or inflammatory 
mechanisms or through hemostasis. However, in a sub-sample of FACIT participants 
we have shown that one-year folic acid supplementation did not affect markers in the 
hemostasis or fibrinolytic pathways. 
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In summary, we have found that low concentrations of folate are associated with 
increased carotid intima-media thickness, a marker of cardiovascular disease risk and 
poor cognitive performance. Contrary to our expectations, low concentrations of folate 
were associated with hearing acuity, although this was confined to subjects with the 
MTHFR 677C allele. In agreement with previous studies, homocysteine was not 
associated with carotid intima-media thickness, arterial stiffness and hearing levels, but 
was associated with various tests of cognitive function. Oxidized LDL, autoantibodies 
against oxidized LDL, C-reactive protein and soluble intercellular adhesion molecule-1, 
all markers of inflammation, are not affected by folic acid supplementation. Although 
observational epidemiology has led to much optimism for folate as a panacea for age-
related diseases such as cardiovascular disease and neurodegenerative disorders, it is 
prudent for public health policy makers to await trials�the conventional golden 
standard by which to test causality�before deciding on folic acid fortification for the 
general population.  
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Folaat en ouderdomsziekten 
Demografische trends voorspellen dat in 2050 ongeveer 30% van de bevolking in 
geïndustrialiseerde landen 65 jaar of ouder zal zijn. Ouder worden gaat gepaard met een 
toenemende kans op hart- en vaatziekten, aandoeningen van het zenuwstelsel en een 
toenemende prevalentie van risicofactoren voor deze ziekten. Het vertragen van de 
processen die leiden tot ouderdomsziekten kan zorgen voor een langer en kwalitatief 
beter leven en zou daarom een belangrijk aandachtspunt voor overheidsbeleid moeten 
zijn. Risicofactoren die beïnvloed kunnen worden door voeding en andere 
leefstijlfactoren moeten daartoe geïdentificeerd worden, bijvoorbeeld met behulp van 
epidemiologisch onderzoek. Vervolgens moet worden vastgesteld of het om oorzakelijke 
relaties gaat. De prevalentie van lage concentraties van folaat, een B vitamine, en 
daarmee hoge concentraties van homocysteïne in het bloed neemt toe met het ouder 
worden, en dit kan mede komen door een veranderd voedingspatroon bij veroudering. 
Zowel een lage folaatstatus als een hoge homocysteïne concentratie hangen samen met 
een verhoogde kans op hart- en vaatziekten en aandoeningen van het zenuwstelsel. 
Homocysteïne is een aminozuur dat een belangrijke schakel is in het metabolisme van 
methionine. Het homocysteïne gehalte is afhankelijk van de co-enzymen vitamine B12, 
folaat en vitamine B6. De meerderheid van de hyperhomocysteïnemische gevallen is toe 
te schrijven aan lage vitamine B concentraties. Bovendien verhoogt de 677C!T mutatie 
in het gen dat codeert voor 5,10-methyleentetrahydrofolaat reductase (MTHFR), een 
sleutelenzym in de remethylering van homocysteïne naar methionine, het 
homocysteïnegehalte met gemiddeld 25% bij mensen met het MTHFR 677TT genotype. 
Suppletie met foliumzuur (de synthetische vorm van folaat) kan het homocysteïne 
gehalte met gemiddeld 25% verlagen in de algemene bevolking. 
 
In dit proefschrift is het verband onderzocht tussen folaatstatus en homocysteïne 
enerzijds en de kans op hart- en vaatziekten (Hoofdstuk 3), cognitief functioneren 
(Hoofdstuk 4) en gehoor (Hoofdstuk 5) anderzijds. Risico op hart- en vaatziekten werd 
geschat via het echografisch meten van de stijfheid en dikte van de wand van de 
halsslagader. De cross-sectionele data betreffen de eerste (baseline) metingen van de 
deelnemers aan het FACIT-onderzoek. FACIT staat voor Folic Acid and Carotid Intima-
media Thickness. Het FACIT-onderzoek is een gerandomiseerd, placebo-gecontroleerd 
onderzoek naar de effecten van suppletie met 0,8 mg foliumzuur gedurende drie jaar op 
de dikte van de halsslagader, het cognitief functioneren en gehoor bij 819 Nederlandse 
mannen en vrouwen in de leeftijd van 50 tot 70 jaar. Deze studie zal halverwege 2005 de 
einddata rapporteren. In een subgroep is het effect onderzocht van een jaar 
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foliumzuursuppletie op ontstekingsmarkers (Hoofdstuk 6). Ontsteking is de eerste stap 
in het ontstaan van slagaderverkalking of arteriosclerose en is geassocieerd met hart- en 
vaatziekten, dementie en gehoorverlies. 
 
Symptomatische vaatziekten worden vaak vooraf gegaan door arteriosclerotische 
veranderingen in de bloedvaten. Een hart- of herseninfarct wordt veroorzaakt door de 
afsluiting van een bloedvat als gevolg van losgekomen bloedproppen of plaatselijke 
trombosevorming. De dikte van de halsslagader is een valide marker voor hart- en 
vaatziekten: het voorspelt de kans op een hart- of herseninfarct. Het is onzeker of een 
lage folaat of een hoge homocysteïne concentratie werkelijk een oorzaak zijn van hart- 
en vaatziekten. Verder is onduidelijk of het effect loopt via processen van trombose of 
aderverkalking, en in welke fase van bloedvatvernauwing dan precies. Bij de 819 FACIT 
deelnemers waren lage concentraties van folaat in de rode bloedcellen geassocieerd met 
een dikkere wand van de halsslagader, onafhankelijk van andere risicofactoren van hart 
en vaatziekten (gemiddeld verschil tussen het eerste en derde kwartiel 0,03 mm, 95% 
betrouwbaarheidsinterval 0,004 tot 0,06 mm; gemiddeld verschil tussen het eerste en 
vierde kwartiel 0,03 mm, 95% betrouwbaarheidsinterval -0,002 tot 0,06 mm). 
Homocysteïne was niet gerelateerd aan de dikte van de halsslagaderwand. Zowel folaat 
als homocysteïne waren niet geassocieerd met distensie van de halsslagader, een indicator 
voor de rekbaarheid van bloedvaten. Onze bevindingen steunen de veronderstelling dat 
een laag folaatgehalte een rol speelt bij het ontstaan van arteriosclerose en vaatziekten, 
maar wel via andere mechanismen dan het verhogen van het homocysteïnegehalte. Wij 
zijn de eerste onderzoeksgroep die een omgekeerd verband vonden tussen folaat en de 
dikte van de halsslagader, waarschijnlijk doordat andere onderzoekspopulaties een 
adequate folaatstatus hadden. 
 
Een lage folaatconcentratie, hyperhomocysteïnemie en vaatziekten zijn factoren die 
bijdragen aan slecht cognitief functioneren. We hebben onderzocht of folaat 
geassocieerd is met cognitief functioneren. Hierbij hebben we gebruik gemaakt van een 
aantal testen die een afname in de aan veroudering gerelateerde cognitieve functies 
kunnen meten. Daarnaast hebben we gekeken of het verband tussen folaat en cognitief 
functioneren onafhankelijk is van homocysteïne en vaatziekten. Lage concentraties folaat 
waren geassocieerd met een slechte score op cognitief functioneren, op het gebied van 
geheugen en snelheid van cognitieve processen. Dit was onafhankelijk van vaatziekten 
en hun risicofactoren, inclusief homocysteïne. Onze bevindingen ondersteunen dat 
folaat een rol speelt bij cognitieve functies bij ouderen. Hoewel lage folaat en hoge 
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homocysteïne concentraties geassocieerd waren met slechtere cognitieve functie, was het 
MTHFR 677TT genotype geassocieerd met een betere cognitieve functie. Door het 
relatief kleine aantal deelnemers in onze studie kan dit positieve verband tussen het 
MTHFR 677TT genotype en het beter cognitieve functioneren ook op een statistisch 
toeval berusten. Maar als onze bevindingen kunnen worden bevestigd in een grotere 
studiepopulatie zou een eventuele verklaring kunnen liggen in andere fenotypische 
verschillen bij het MTHFR 677TT genotype. Zo zouden bijvoorbeeld mensen met een 
MTHFR 677TT genotype een verschuiving in hun routes van folaatmetabolisme kunnen 
hebben ten gunste van formyl-folaat derivativen. Hierdoor zouden formyl-folaat 
gestuurde reacties als de novo nucleotidesynthese en mitochondriale oxidatieve 
phosphorylering beter kunnen verlopen. Beide processen kunnen belangrijk zijn voor de 
DNA conditie en de mitochondriale conditie van een neuron. 
 
Gehoorverlies is een belangrijke ouderdomskwaal. Ondanks het feit dat studies bij 
dieren hebben aangetoond dat vitamine B deficiënte diëten leiden tot vervormingen in 
het binnenoor, is er nauwelijks aandacht voor de rol van voedingspatronen, inclusief 
folaat inname, bij het ontstaan van gehoorverlies bij ouderen. We hebben het verband 
onderzocht tussen folaat en gehoordrempels (het aantal decibels waarbij men een toon 
nog net hoort) bij 729 deelnemers met een aan ouderdom gerelateerd gehoorverlies 
binnen het FACIT-onderzoek. In tegenstelling tot onze veronderstelde hypothese bleek 
dat een lage folaatstatus gepaard ging met een beter gehoor, maar alleen in de groep met 
het MTHFR 677C allel. Homocysteïne hing niet samen met gehoor. Daarnaast hadden 
deelnemers met een MTFHR 677TT genotype een beter gehoor dan respondenten met 
een CC of CT genotype. Lage folaatconcentraties zouden kunnen leiden tot een situatie 
die vergelijkbaar is met het MTHFR 677TT genotype, waarbij er meer formyl-folaat 
reacties plaatsvinden. Deze reacties kunnen de DNA stabiliteit en de mitochondriale 
conditie versterken. Als onze bevindingen worden bevestigd in andere populaties dan 
zou er meer onderzoek gedaan moeten worden naar de rol van formyl-folaat in relatie 
tot de gezondheid van het binnenoor en het gehoor. 
 
Lage folaat en hoge homocysteïne concentraties zijn geassocieerd met een verhoogde 
kans op ontstekingen, welke als mogelijke oorzaak van hart- en vaatziekten en dementie 
worden gezien. In het gerandomiseerde, placebo-gecontroleerde FACIT-onderzoek is 
eveneens onderzocht wat de effecten zijn van één jaar suppletie met foliumzuur op 
ontstekingsindicatoren bij 530 mannen en vrouwen tussen de 50 en 70 jaar. De 
onderzochte markers waren geoxideerde lage-dichtheidslipoproteïne deeltjes, 



Samenvatting 

 163

immunoglobuline G antilichamen en immunoglobuline M antilichamen tegen 
geoxideerde lage-dichtheidslipoproteïne deeltjes, circulerend intercellulair adhesie eiwit-1 
en C-reactieve proteïne. Hoewel de foliumzuursuppletie zorgde voor een aanzienlijke 
toename van het serumfolaat (een toename van 430%) en een afname van het 
homocysteïne gehalte (een afname van 25%), vonden we geen afname van de 
plasmaconcentraties van de ontstekingsindicatoren. Dit hoeft nog niet te betekenen dat 
extra foliumzuur geen bescherming tegen hart- en vaatziekten biedt, want het zou via 
heel andere mechanismen kunnen verlopen. 
 
Samengevat kan gesteld worden dat lage concentraties folaat geassocieerd zijn met een 
toename van de intima-media dikte van de halsslagader, een indicator voor een verhoogd 
risico van hart- en vaatziekten, en een slechter cognitief functioneren. Anders dan we 
verwacht hadden, leidden lage concentraties folaat tot een scherper gehoor. Dit was wel 
beperkt tot de groep met een MTFHR 677C allel. In overeenstemming met voorgaande 
onderzoeken was homocysteïne niet geassocieerd met de intima-media dikte van de 
halsslagader, stijfheid van de halsslagader of gehoor, maar wel met diverse cognitieve 
functie testen. Indicatoren van ontstekingen werden niet beïnvloed door 
foliumzuursuppletie. Hoewel observationele studies hebben geleid tot een groot 
optimisme voor folaat als het wondermiddel voor ouderdomsziekten, is het zeer 
verstandig om te wachten op experimenteel onderzoek�de gewone gouden standaard 
waarin causaliteit vastgesteld wordt�voordat er besloten wordt tot verrijking van 
voedsel met foliumzuur voor de gehele populatie. 
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