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Summary 

A common C677T polymorphism in the gene encoding the folate metabolising enzyme, 

methylenetetrahydrofolate reductase (MTHFR), is known from epidemiological and 

GWAS studies to be associated with an increased risk of hypertension and cardiovascular 

disease (CVD). In a series of randomised controlled trials (RCTs) previously conducted at 

this Centre, supplementation with riboflavin, the MTHFR cofactor, has been shown to 

lower blood pressure (BP) in hypertensive adults with the variant MTHFR 677TT 

genotype. No previous study has, however, considered the effect of this common genetic 

variant on BP in generally healthy adults. Moreover, trials conducted to date have focused 

on brachial BP as the primary outcome measure; investigation of central BP and related 

haemodynamics, may help further our understanding of the role of this polymorphism in 

hypertension. In addition, the role of folic acid, either alone or in combination with 

riboflavin on BP has not yet been considered. 

The overarching aim of this thesis, therefore, was to further investigate the role of one- 

carbon metabolism, B vitamin status and the MTHFR C677T polymorphism on BP and 

markers of vascular health, in apparently healthy adults. 

Observational analysis of 498 healthy individuals aged 18-65 years, stratified by MTHFR 

genotype demonstrated higher brachial and central BP indices in the TT, relative to CC or 

CT genotypes, with brachial systolic BP over 5 mmHg higher in the TT compared to the 

non-TT genotype (P<0.001), a phenotype evident from 18-65 years. There was evidence 

of a more pronounced phenotype observed in females, with an almost 10 mmHg difference 

in mean brachial systolic BP in females the TT compared to non-TT genotype: 134.9 (95% 

CI 132.1-137.6) vs 125.2 (95% CI 122.3-128.0) mmHg; P<0.001. RCT findings confirmed 

the BP effect of riboflavin, alone or in combination with folic acid, in lowering BP in adults 

with the MTHFR 677TT genotype, a trend which was greatest in those with a higher 

systolic BP at baseline (P=0.024). In a final study, metabolites within the one-carbon 

pathway were investigated in relation to this polymorphism. Significantly lower 

concentrations of the methyl donor, S-adenosylmethionine (SAM) were observed in TT 

relative to CC individuals (74.7 ± 21.0 vs 85.2 ± 22.6 nmol/L, P=0.013); correspondingly 

SAM concentrations increased by 17.3 ± 21.8 (P=0.021) in response to supplementation 

with riboflavin, suggesting elevated BP in susceptible adults may be explained, at least to 

some extent, by impaired methylation capacity. 

In conclusion, this thesis presents novel data demonstrating that the MTHFR C677T 

polymorphism is associated with significantly higher brachial and central BP in apparently 

healthy adults. Furthermore, riboflavin alone, or in combination with folic acid, may be an 
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important modulator of BP in adults with the variant genotype. Given the high prevalence 

of the MTHFR C677T polymorphism globally (i.e. 10%), and much higher in some 

populations, the findings of this thesis may have important implications for the prevention 

and treatment of hypertension in adults with this genetic risk factor. 
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Hypertension 

Hypertension is the primary risk factor for cardiovascular disease (CVD), in particular stroke, 

and is a leading cause of premature mortality globally. Currently defined in the UK and most 

European countries as a blood pressure (BP) ≥140/90 mmHg, it is estimated to affect 

approximately one billion people worldwide (World Health Organisation, 2013; Forouzanfar 

et al., 2017). CVD was responsible for over 1.8 million deaths in Europe in 2016, representing 

35.7% of all deaths (Eurostat, 2019). The annual healthcare costs related to CVD are 

staggering at an estimated €111 billion across Europe and £19 billion in the UK alone. In 

Europe the per capita cost of CVD in 2015 was €218, which varied from €48 in Bulgaria to 

€365 in Finland with per capita costs of €190 in the UK (Eurostat, 2017). Despite increased 

rates of hypertension awareness and treatment in the UK in recent years, the UK still lags 

behind other countries such as Canada and the USA with respect to hypertension control rates 

(Zhou et al., 2019). The pathophysiology of hypertension is multi-factorial, involving the 

interaction of physiological mechanisms, genetics and environmental factors (Patel, Masi and 

Taddei, 2017) and identification of novel targeted treatments are needed to reduce the burden 

of hypertension on healthcare, the economy and the individual.   

 

B vitamins and one-carbon metabolism 

The one-carbon pathway is a series of biochemical reactions including the folate cycle, 

methionine cycle and the transsulfuration pathway, which are primarily involved in the 

transfer of one-carbon, or methyl, groups. Elevated concentrations of the amino acid 

homocysteine, which is at the main branch point of these pathways, has been implicated in 

CVD, although whether this association is causal, or an indication of biological perturbation 

in one-carbon metabolism is unclear. In the folate cycle, the enzyme 

methylenetetrahydrofolate reductase (MTHFR) generates the predominant co-factor form of 

folate, 5-methyltetrahydrofolate (5-MTHF) which is involved in the remethylation of 

homocysteine to methionine, the precursor to S-adenosylmethionine (SAM). As the universal 

methyl donor, SAM donates one-carbon groups to over 100 methyltransferases involved in 

numerous biochemical pathways including DNA methylation, histone modification and DNA 

biosynthesis (Bailey et al., 2015). This transfer, in turn, leads to the formation of S-

adenosylhomocysteine (SAH), which is subsequently metabolised to homocysteine. As part 

of the betaine-homocysteine methyltransferase (BHMT) pathway, choline and betaine can also 

serve as alternative methyl donors in homocysteine remethylation (Niculescu and Zeisel, 

2002). Alternatively, homocysteine can be eliminated though irreversible condensation with 

serine to cystathionine via the action of cystathionine ß-synthase (CßS), in the pyridoxal-5′-
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phosphate (PLP)-dependent transsulfuration pathway. Of note, regulation of the methylation 

cycle is essential to ensure sufficient supply of SAM to methyltransferase reactions. This is 

achieved through the action of SAM as an allosteric inhibitor of MTHFR and an allosteric 

activator of CßS, thus controlling one-carbon flux and homocysteine levels (Scott and Weir, 

1998). The B vitamins, folate, cobalamin, cobalamin (vitamin B12), pyridoxal-5’-phosphate 

(PLP; vitamin B6) and riboflavin are metabolically related through their role as coenzymes 

and methyl donors in the one-carbon pathway and as such are essential in the recycling and 

elimination of homocysteine. 

 

One-carbon metabolism and cardiovascular disease  

The role of B vitamins in CVD and stroke has been the focus of much research, primarily 

driven by early studies linking elevated homocysteine with an increased risk of disease 

(Graham et al., 1997). Compelling evidence from large epidemiological trials conducted in 

the 1990’s demonstrates the ability of folate and related B vitamins to successfully lower 

homocysteine, by up to 25%, across many populations; however, these trials have generally 

yielded negative findings for palpable clinical outcomes (Toole et al., 2004; VISP, 2006; 

Potter et al., 2008). A closer look at the data reported however, does suggest a benefit for 

reducing the risk of stroke, with stronger evidence for trials of longer than 3 years duration 

with ≥20% homocysteine lowering and in those without a previous history of stroke (Wang et 

al., 2007; Lee et al., 2010; McNulty et al., 2012). The effect of intervention with a combination 

of B vitamins on cardiovascular outcome has also yielded mixed results (Van Dijk et al., 2001; 

Mangoni et al., 2002; Toole et al., 2004; McMahon et al., 2007). BP showed no response to 

intervention with a combination of folate and related B vitamins over two years in two large 

trials conducted in separate clinical cohorts, despite achieving a significant decrease in 

homocysteine (Toole et al., 2004; McMahon et al., 2007). The largest of these, the Vitamin 

Intervention for Stroke Prevention (VISP) trial reported no BP response in 3,649 cerebral 

infarct patients, despite a significant decrease of 2.3 µmol/L in homocysteine,  in response to 

a combination of high-dose B vitamins comprising 2.5 mg folic acid, 25 mg vitamin B6 and 

0.4 mg vitamin B12 (Toole et al., 2004). Similarly, in a study of older patients with elevated 

homocysteine no change in BP was observed, despite an even greater homocysteine lowering 

of 4.4 µmol/L after supplementation with 1 mg of folate, 10 mg vitamin B6 and 0.5 mg vitamin 

B12 (McMahon et al., 2007). Conversely, folic acid at a higher dose of 5mg/d decreased BP 

in adults aged 18-65 years by 3.7-8 mmHg in systolic BP and 1.9-4 mmHg in diastolic BP 

(Van Dijk et al., 2001; Mangoni et al., 2002); albeit, the latter studies were conducted in 

smaller cohorts (n ≤130), and one study was only 4 weeks in duration. Few large-scale B 
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vitamin interventions have considered a common polymorphism in MTHFR, which has been 

independently associated with an increased risk of hypertension and CVD. The effect of a 

fourth B vitamin, riboflavin, on cardiovascular health has not been widely investigated 

although evidence is emerging that it may be an important modulator of BP in specific cohorts.   

 

The MTHFR C677T polymorphism and hypertension 

In the folate cycle of one-carbon metabolism, MTHFR requires the coenzyme form of 

riboflavin, flavin adenine dinucleotide (FAD) as an essential cofactor for normal functioning. 

A common C677T polymorphism in the MTHFR gene affects approximately 10% of 

populations worldwide with prevalence varying from 4% in Finland to 32% in Mexico 

(Wilcken et al., 2003) and a frequency of approximately 12% reported in Northern Ireland. 

Homozygosity (TT genotype) produces a functionally defective enzyme, owing to reduced 

affinity for its riboflavin cofactor, FAD (Frosst et al., 1995) and as such, the predominant 

phenotype associated with the polymorphism is elevated homocysteine.  

 

Genome wide association studies (GWAS) have identified a locus close to the gene encoding 

MTHFR that is associated with an increased risk of hypertension (Newton-Cheh et al., 2009; 

Flister et al., 2013). This has been supported by strong epidemiological evidence, with meta-

analyses reporting that the variant MTHFR genotype is associated with a 24-87% increased 

risk of hypertension and up to 40% for CVD (McNulty et al., 2017). Furthermore, randomised 

controlled trial (RCT) evidence has demonstrated that BP is highly responsive to 

supplementation with the MTHFR cofactor, riboflavin, ranging from 6-14 mmHg for systolic 

BP and 3-8 mmHg for diastolic BP, specifically in homozygous (TT genotype) individuals 

(Horigan et al., 2010; Wilson et al., 2012, 2013). Thus, riboflavin offers a novel, dietary 

solution for BP management in this specific sub-group of the population. The BP-lowering 

effect of folic acid in adults stratified by MTHFR genotype is however less clear and has only 

been investigated in a limited number of trials. It is plausible, nonetheless, that an increased 

concentration of 5-MTHF, as a result of folic acid supplementation could also contribute to 

BP-lowering in genetically at-risk adults. One recent study which examined BP response to 

folic acid by MTHFR genotype was the China Stroke Primary Prevention Trial (CSPPT). In 

participants who received 0.8 mg of folic acid/day plus the angiotensin converting enzyme 

(ACE) inhibitor drug enalapril, no additional BP lowering was achieved compared to enalapril 

alone, irrespective of genotype. Folic acid did; however, reduce stroke risk by 21% after a 4.5 

year follow-up (Huo et al., 2015). To date, no study has considered the combined effect of 

riboflavin and folic acid on BP in adults with the C677T variant in MTHFR. 
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A limitation of the B vitamin intervention trials conducted in adults with the MTHFR C677T 

polymorphism is; however, that they focused predominantly on clinical cohorts, ranging from 

hypertensive populations to premature CVD patients. Given the estimated global frequency of 

the polymorphism of 10% and the modulating effect of riboflavin on BP in individuals with 

the TT genotype, the effect of the polymorphism on BP in healthy populations is of interest, 

although to date has not been considered to any extent. Riboflavin, while confirmed as an 

effective targeted treatment in clinical cohorts, may also have an important role in 

hypertension prevention in healthy populations. Furthermore, the effect of the TT genotype on 

BP may be attenuated by sex and advancing age.  The pathophysiology of the cardiovascular 

system and response to anti-hypertension medication appears to be different between males 

and females (Wenger et al., 2018) with some reports that genes are differentially expressed or 

contribute differently to disease in males versus females (Rana et al., 2007). Furthermore, in 

the aforementioned targeted riboflavin studies, is has been postulated that the BP-lowering 

effect size may diminish with age (Wilson et al., 2013) and the gene-nutrient interaction may 

have more public health importance as a means of hypertension prevention rather than 

treatment. Given the small number of genotype driven BP studies in this area, the influence of 

sex and age on the role of the MTHFR C677T polymorphism in hypertension may be of 

importance but is as yet unknown.  

 

The MTHFR C677T polymorphism and vascular function 

Brachial, or office, BP assessed using a sphygmomanometer or electronic BP monitor is a 

widely used, accessible method for predicting CVD risk across all age groups  (Lewington et 

al., 2002). Brachial BP is invariably higher than central BP, which is more closely correlated 

with CVD risk, as this is the pressure major organs are exposed to (McEniery et al., 2014). 

While previously only feasible in patients undergoing catheterisation, a number of non-

invasive methods are now available to assess central pressure and other markers of vascular 

health including pulse wave velocity (PWV) in adult cohorts generally. Observational studies 

investigating the effect of the MTHFR C677T polymorphism on these parameters is limited as 

generally only one parameter is reported and the populations studied are limited to either 

young adulthood or older age (Woodside et al., 2004; Collings et al., 2008; van Dijk et al., 

2014). RCT’s conducted to date in adults with the TT genotype, have investigated the 

independent effects of folate or riboflavin on brachial BP or singular central measures such as 

PWV or  flow mediated dilation (FMD). No study to date has however examined the combined 

effects of folate and riboflavin on a comprehensive profile of vascular health measures in 
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adults with the C677T variant in MTHFR.  Such a study would however yield valuable data to 

extend our understanding of the role of this common polymorphism in BP 

 

Mechanism linking the MTHFR C677T polymorphism and hypertension  

The underlying mechanisms linking this gene-nutrient interaction with BP are unknown 

although a number have been proposed, the most plausible involving the vasodilator nitric 

oxide (NO; McNulty et al., 2012, 2020). In biopsy samples of patients undergoing coronary 

artery bypass surgery, vascular tissue concentrations of 5-MTHF (the product of the MTHFR 

reaction) were associated with NO bioavailability and improved vascular function with lower 

concentrations of 5-MTHF reported in those with the TT genotype, (Antoniades et al., 2006, 

2009). Also, the distribution of folate derivates is altered as a result of this polymorphism, with 

an accumulation of formylated tetrahydrofolates in the red blood cells of individuals with the 

TT genotype (Bagley and Selhub, 1998). This disruption in folate metabolism could affect the 

activity of dihydrofolate reductase which helps maintain endothelial NO synthase (eNOS) 

coupling through the generation of tetrahydrobiopterin (BH4) from its inactive form, 

dihydrobiopterin (BH2; Crabtree et al., 2011). BH4 is an essential cofactor for eNOS in the  

generation of NO, thus inducing vasodilation. Therefore, it is possible that stabilisation of the 

MTHFR enzyme with riboflavin improves NO bioavailability with increased concentrations 

of 5-MTHF and BH4 which in turn improves endothelial function lowering BP (McNulty et 

al., 2017). The coenzyme forms of riboflavin, flavin mononucleotide (FMN) and flavin 

dinucleotide (FAD) also play a role in the generation of NO as they are required by the NO 

synthase enzyme (Förstermann and Sessa, 2012). In light of this, increased requirements for 

riboflavin, in adults with the MTHFR 677TT genotype could have a negative influence on NO 

generation and thus vasodilation. It is also plausible that perturbations in DNA methylation, 

which is strongly associated with one-carbon metabolism, through its role in the transfer of 

methyl groups to methyltransferase reactions via the universal methyl donor, SAM, may 

influence the role of this gene-nutrient interaction in BP. Aberrant DNA methylation has been 

linked with a number of diseases, including hypertension, both in adults generally and with 

the MTHFR 677TT genotype (Lin et al., 2016; Wang et al., 2016). Few studies have 

investigated the effect of the polymorphism on concentrations of SAM, with reports of 

elevated SAM in those with the TT relative to CC genotype in some (Davis et al., 2005; Shin 

et al., 2010) but not all studies (Lopreato et al., 2008; Ho, Massey and King, 2013). Further 

studies to understand the role of this gene-nutrient interaction in hypertension are warranted.  
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On the basis of gaps in our current knowledge, as summarised in the general introduction, the 

overarching aim of this thesis was to investigate the role of B vitamins, one-carbon metabolites 

and the MTHFR C677T polymorphism on BP and markers of vascular health across adulthood.  

 

The overall hypothesis being tested in this thesis is that healthy adults with the MTHFR C677T 

polymorphism, compared to non-TT genotype adults, will have elevated brachial and central 

pressure, as well as perturbed one-carbon metabolism, which can be modulated by B vitamin 

supplementation, namely riboflavin and folic acid.  

 

The overall objectives of the current thesis were as follows:  

 

1. To explore the evidence linking B vitamins and the MTHFR C677T polymorphism 

with BP and other measures of vascular health (Chapter 2).  

2. To consider the impact of the MTHFR C677T genotype on BP and related central 

haemodynamic parameters (Chapter 3).  

3. To investigate the effect of riboflavin and folic acid intervention on blood pressure in 

adults aged 19-88 years with the C677T polymorphism in MTHFR: findings from the 

RAFA trial (Chapter 4).  

4. To examine the impact of the MTHFR C677T polymorphism on one-carbon 

metabolites and the response to supplementation with riboflavin (Chapter 5).  
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Abstract 

Hypertension is a leading cause of preventable, premature death, affecting over 1 billion 

people worldwide and is responsible for 30% of global deaths annually.  Treating high 

blood pressure (BP) is highly effective at reducing risk of cardiovascular disease (CVD). 

In addition to well-established risk factors, genetics are known to play an important role in 

the aetiology of hypertension, with genome wide association studies (GWAS) identifying 

a number of genetic loci linked to elevated BP. A common C677T polymorphism in the 

gene encoding the folate metabolising enzyme, methylenetetrahydrofolate reductase 

(MTHFR) is significantly linked with increased risk of CVD by up to 40% and the risk of 

hypertension by 24-87%. A series of randomised trials conducted at this Centre have 

demonstrated a significant BP lowering in response to supplementation with the MTHFR 

cofactor, riboflavin, in individuals with the MTHFR 677TT genotype.  

The mechanism linking this specific gene-nutrient interaction with BP is currently 

unknown; however, it could potentially be mediated via nitric oxide (NO), a potent 

vasodilator. MTHFR catalyses the generation of the main cofactor form of folate, 5-

methyltetrahydrofolate (5-MTHF), which has been linked to NO bioavailability. 

Individuals with the MTHFR C677T polymorphism have reduced MTHFR activity and 

therefore reduced 5-MTHF concentrations. It is widely reported in the literature that in 

vivo measurement of NO presents significant challenges owing to its short half-life and 

assessment of endothelial function is recognised as an alternative parameter. Additional 

measures of arterial stiffness, such as pulse wave velocity (PWV) and augmentation index 

(AIx), are strongly associated with endothelial function.  

Studies to date, investigating the effect of nutrition on vascular function have focused on 

the dietary patterns such as the Mediterranean diet and consumption of dairy products, with 

inconclusive results. In relation to the role of B vitamins, improvements in endothelial 

function have previously been reported in response to folic acid although a paucity of data 

in this area exists. The effect of other B vitamins, such as riboflavin, on endothelial 

function and vascular health specifically in those with the C677T polymorphism in 

MTHFR  has not been investigated. The variant MTHFR 677TT genotype affects 10-12% 

of Irish and UK adults, but over 30% in some worldwide populations, therefore, 

understanding the role of this gene-nutrient interaction with hypertension has important 

implications for public health at a global level. 

This review will explore the evidence linking B vitamins and the MTHFR C677T 

polymorphism with BP and other measures of vascular health. 
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Introduction  

 

Cardiovascular disease (CVD) continues to be a leading cause of mortality globally and is 

responsible for approximately 18 million deaths annually (Benjamin et al., 2019).  

Hypertension is the primary risk factor for CVD, affecting over 1 billion people worldwide 

with the increased risk of CVD associated with high blood pressure (BP) shown repeatedly 

across the entire age spectrum (Whelton et al., 2017). Treating hypertension is; however, 

highly effective at reducing cardiovascular risk, in particular stroke, and all-cause mortality 

(Ettehad et al., 2016) and even modest reductions of as little as 2mmHg in systolic BP can 

reduce CVD risk by 10% (Lewington et al., 2002). Despite improvements in hypertension 

control rates in high-income countries over the past two decades, recent data has indicated 

that the UK still lags behind Canada and the USA (Zhou et al., 2019). Brachial, or office, 

BP (assessed using a  sphygmomanometer) monitoring is used routinely to identify 

individuals at risk of CVD (Lewington et al., 2002). However, a number of non-invasive 

methods such as endothelial function and arterial stiffness are also available for assessing 

vascular function and are superior to brachial BP in predicting cardiovascular risk and 

mortality (Vlachopoulos et al., 2010; Vlachopoulos, Aznaouridis and Stefanadis, 2010; 

Ben-Shlomo et al., 2014). These techniques are used in clinical research but have had 

limited use in nutritional research and medical practice. 

 

Diet and lifestyle modifications are also used alone or in conjunction with antihypertensive 

drugs to lower BP. The National Institute for Health and Care Excellence (NICE, 2019) in 

the UK recommends increasing exercise, following a healthy diet, smoking cessation and 

reducing alcohol, salt and caffeine intake. Nutritional interventions and certain dietary 

patterns can confer cardiovascular benefits, yet nutrition is often under-recognised as a 

treatment option for hypertension. B vitamins present a novel prevention and treatment 

option for both hypertension and CVD. Through their role in one-carbon metabolism, 

folate, cobalamin (vitamin B12) and pyridoxal-5’-phosphate (vitamin B6) have been 

extensively studied in relation to modulating CVD and hypertension; however, results are 

somewhat inconsistent, and studies have largely ignored a fourth metabolically related B 

vitamin, riboflavin (Toole et al., 2004; Lonn et al., 2006; VISP, 2006).  

 

Physiological mechanisms, genetics and environmental factors are all implicated in 

hypertension (Patel, Masi and Taddei, 2017). Genome wide association studies (GWAS) 

have identified a number of genetic loci associated with hypertension, which could lead to 

the development of more targeted strategies for the management of hypertension at the 
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individual level. One such genetic variant is the C677T polymorphism in the gene encoding 

the folate metabolising enzyme, methylenetetrahydrofolate reductase (MTHFR) which has 

been associated with CVD, stroke and hypertension (McNulty et al., 2017). The BP 

phenotype associated with this genetic variant can be modulated by supplementation with 

riboflavin, the MTHFR cofactor; however, the mechanism underpinning this gene-nutrient 

interaction with BP is unknown but may be mediated via nitric oxide (NO), a potent 

vasodilator released by endothelial cells. Owing to its short half-life, NO is challenging to 

measure, although non-invasive methods to assess vascular health may help further 

elucidate this mechanism. Few studies have investigated the effect of the metabolically 

related B vitamins and the C677T polymorphism in MTHFR on vascular function using 

these techniques.  

 

This review will explore the evidence linking B vitamins and the MTHFR C677T 

polymorphism with BP and other measures of vascular health. 

 

Diagnosis of hypertension: current controversies  

 

In the UK, hypertension is currently diagnosed as an office BP of ≥140/90 mmHg, a 

threshold that has remained unchanged despite a recent major review of evidence that led 

to significant changes to guidelines in the USA (Whelton et al., 2017). The publication of 

the Systolic BP Intervention Trial (SPRINT) in 2015 prompted International Hypertension 

Committees to review their national guidelines.  Briefly, SPRINT reported that intensive 

BP lowering (systolic BP <120 mmHg) reduced the risk of CVD and all-cause mortality 

compared to the standard BP target (<140 mmHg) in 9,361 people with increased risk of 

CVD, but free from diabetes (Wright et al., 2015). In fact, the trial was terminated earlier 

than planned by the Data and Safety Monitoring group due to the reduction in 

cardiovascular events and death in intensive BP control group. These findings prompted a 

radical update to the American College of Cardiology and American Heart Association 

(ACC/AHA) guidelines where hypertension was redefined as a BP above 130/80 mmHg 

BP, compared to a previous cut-off of ≥140/90 mmHg (Whelton et al., 2017). 

Hypertension guidelines have been reviewed in  Europe and the UK to acknowledge the 

benefits of more intensive BP control, but both the European Society of Cardiology, 

European Society of Hypertension and National Institute for Health and Care Excellence 

(NICE) in the UK opted to maintain the threshold of an office BP ≥140/90  for hypertension 

diagnosis (ESC/ESH; Williams et al., 2018). A key factor influencing the decision of NICE 
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not to lower the diagnosis threshold relates to the measurement of BP. SPRINT used an 

automated monitor to take unattended BP which provides a lower BP reading than the 

usual attended, office BP typically used in clinical practice. The  ESC/ESH guidelines have 

gone a step further than those of NICE, in that while the hypertension diagnosis threshold 

remains at ≥140/90 mmHg, target office systolic BP for those aged 18-64 years is <120-

129 mmHg and for those aged 65 years or older is 130-139 mmHg. An important factor 

for the ESC/ESH guidelines was the need for a broader scope due to the number of 

European countries with different socio-economic populations (McCormack et al., 2019).  

 

The new diagnosis classification has had a number of important implications on the 

prevalence and treatment of hypertension in the USA. There has been a dramatic increase 

the proportion of adults classified as hypertensive (changed from 31.9% to 45.6% of adult 

population), equating to an additional 31 million individuals who now require appropriate 

management. Health and lifestyle modifications are the first step in lowering BP and while 

the majority of these newly diagnosed hypertensives were likely to be treated using a non-

pharmacological approach, the new target for BP control meant greater than 50% of those 

prescribed anti-hypertensive medications now needed more intensive control (Muntner et 

al., 2018). The new guidelines also resulted in an increase in the number of people 

categorised as having isolated diastolic hypertension, data from the National Health and 

Nutrition Examination Survey (NHANES) estimates that it has increased from 1.3% to 

6.5%. The clinical relevance of isolated diastolic hypertension is unclear as there is little 

evidence to suggest that it is associated with an increased risk for CVD or mortality which 

means that individuals may be treated unnecessarily with antihypertensive therapies.  

(McEvoy et al., 2020).  

 

The ACC/AHA guidelines provide recommendations for a number of disease states 

including heart failure, cerebrovascular disease, atrial fibrillation and aortic disease; 

however, the UK guidelines cover the general population and do not provide 

recommendations for at-risk groups, except for those with type 2 diabetes. As such, the 

UK guidelines have been classed as conservative compared to Europe and America, as 

many argue that those with established CVD have not been considered (British and Irish 

Hypertension Society, 2019). In the UK, 89% of those with CVD have hypertension, only 

60% of which achieve BP control (Falaschetti et al., 2014), thus failure to revise the 

guidelines is a missed opportunity to improve hypertension management in people with 

the highest risk (British and Irish Hypertension Society, 2019). An exclusion criterion for 
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SPRINT was diabetes, therefore guidelines for this sub-group were based on findings from 

the Action to Control Cardiovascular Risk in Type 2 Diabetes trial (ACCORD) where 

intensive BP lowering did not reduce CVD event in 4,733 individuals with type 2 diabetes 

(Cushman et al., 2010).  

 

Anti-hypertensive medications 

Pharmacological treatment is an effective means of managing hypertension. Classes of 

anti-hypertensive medications available include angiotensin converting enzyme (ACE) 

inhibitors, calcium channel blockers (CCB), ß blockers, angiotensin II receptor blockers 

(ARB) and diuretics. In the UK, monotherapy is the front line defence in the form of an 

ACE inhibitor or an ARB in adults aged younger than 55 years, or a CCB if aged 55 over 

or of Black-African or African-Caribbean family origin, with addition of a thiazide-like 

diuretic as the second line. This contrasts to the ACC/AHA and ESC/ESH guidelines 

which recommend initiation of two anti-hypertensive medications in the form of a single 

pill. In SPRINT, intensive BP control was achieved with an average of 2.8 medications, 

compared with 1.8 in the target treatment group. The use of additional anti-hypertensive 

drugs comes with an accompanying increase in adverse effects, such as hypotension, 

syncope, electrolyte abnormalities and falls, which may be particularly concerning in older 

adults. Analysis of adverse events in SPRINT concluded intensive BP lowering did not 

increase the risk of injurious falls; however, the early termination of the trial may have 

influenced this. A key issue when considering BP management in elderly, is frailty, as 

slightly elevated BP may be protective (Benetos et al., 2016).  

 

Assessing vascular health 

 

Measurement of BP  

Measurement of BP using a sphygmomanometer or electronic BP machine and cuff is a 

widely used, convenient surrogate marker for vascular health and requires minimal 

equipment and operator training. Office, or clinic, BP is quick and convenient; however, a 

one-off office BP reading may be a poor representation of actual BP owing to BP 

variability and may lead to misdiagnosis of hypertension (McMahon et al., 2016). In 

primary care, out-of-office BP measurement, such as home BP monitoring (HBPM) or 

ambulatory, 24-hour, BP monitoring (ABPM) are recognised as more accurate 

measurements. The multiple BP readings obtained within ABPM provide information on 

the circadian pattern of BP, night-time dipping and the morning surge. Abnormal dipping 
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patterns are associated with an increased risk of CVD, recent meta-analyses report that the 

fall in night-time BP outside the normal range of 10-20% is associated with an increased 

risk of 15-49% increased risk of CVD event (McMahon et al., 2016). In recognition of the 

superior accuracy of ABPM, NICE recommended in 2011 that a diagnosis of hypertension 

should be confirmed with a daytime ABPM reading of 135/85 mmHg or higher. While 

ABPM is accessible in routine care, participant tolerance of multiple readings, particularly 

at night-time, may pose an issue. A recent evaluation on the impact of the use of out-of-

office BP recommendations for the diagnosis of hypertension has been conducted in the 

UK. Lay-Flurrie et al. (2019) reported that despite a reduction in hypertension incidence 

from 2.1 to 1.4 per 100 person years across the study period between 2006-2017, out-of-

office BP monitoring was not associated with an immediate change in hypertension 

incidence. There was; however, a stabilisation in the incidence of hypertension and no 

increase in CVD events, since the introduction of out-of-office BP monitoring, supporting 

its continued use (Lay-Flurrie et al., 2019). Furthermore, self-monitoring of BP, either with 

or without telemonitoring, to titrate anti-hypertensive medications has been shown to lead 

to significantly lower BP, compared to usual care, in individuals with poorly controlled 

hypertension (McManus et al., 2018).  

 

Non-invasive measurement of central vascular health 

In addition to measuring BP there are a number of other well-established methods available 

to non-invasively assess vascular health. These measures are more readily available in 

tertiary care and the research setting, rather than primary care, and are summarised in 

Table 1. Central BP is the pressure that major organs such as the brain, heart and kidneys 

are exposed to and it is invariably lower than corresponding brachial pressure (McEniery 

et al., 2014). Methods for assessing central pressure include applanation tonometry of the 

carotid or radial artery or cuff-based oscillometry of the brachial artery. Typically, these 

methods obtain the pulse pressure waveform and corresponding central pressure is derived 

using a generalised transfer function (GTF) to identify the late systolic shoulder of the 

peripheral pressure waveform. From this, pulse wave analysis (PWA) can be conducted, 

which offers additional information on wave reflections and indirectly, arterial stiffness. 

Pulse wave velocity (PWV) is a measure of the pulse pressure waveform propagating along 

the arterial tree and is a direct measure of arterial stiffness, assessed using methods similar 

to central pressure and PWA (O’Rourke et al., 2011; Townsend et al., 2016). Central BP, 

wave reflections and PWV have been linked with increased risk of CVD in both healthy 

and clinical cohorts. Meta-analyses have linked a 10 mmHg increase in central systolic BP 

20



with a 9% increased risk of CVD event and an increase in PWV by 1 m/s with a 14% 

increased risk of CVD event (Vlachopoulos et al., 2010b; Vlachopoulos, Aznaouridis and 

Stefanadis, 2010; Ben-Shlomo et al., 2014). Flow mediated dilation (FMD) uses high-

resolution ultrasound imaging to examine changes in brachial artery diameter in response 

to increased blood flow (reactive hyperaemia), induced by ischaemia, a process that is 

mediated by the potent vasodilator nitric oxide (NO; Celermajer et al., 1992; Corretti et 

al., 2002). This method is less accessible than the aforementioned measurements as 

ultrasound equipment is expensive and requires considerable expertise and training. An 

alternative method of assessing NO mediated vasodilation is flow mediated slowing 

(FMS), as part of the Vicorder™ suite of apparatus (Skidmore Medical, UK). This is less 

expensive than FMD and requires minimal operator training, although its applicability 

remains to be confirmed by studies in large cohorts. Ultrasound can also be used to assess 

carotid intima media thickness (cIMT), i.e. two parallel lines forming the lumen-intima 

and media-adventitia interface and as such can determine the level of arterial thickening 

and plaque burden (Touboul et al., 2012) and has been shown to predict future CVD event, 

in large-scale analysis of 89,070 cIMT scans from 31 cohorts (Lorenz et al., 2018).  

 

Determinants of hypertension and CVD 

 

Non-modifiable: age and gender 

BP is known to change across the lifecycle, with systolic BP increasing with age in a linear 

fashion and diastolic BP increasing until it reaches a plateau around the age of 60 years, 

followed by a subsequent decrease through later life (Cheng et al., 2012; Joffres et al., 

2013). Hypertension in early life can predict later CVD risk, with recent evidence from the 

Coronary Artery Risk Development in Young Adults (CARDIA) Study supporting this 

concept. In a community-based sample of 3,394 individuals aged 18-30 years at enrolment 

systolic BP variability in younger adults was associated with all-cause mortality hazard 

ratio, 1.24 (95% CI, 1.09-1.41) after ten year follow up (Yano et al., 2020). Further 

evidence comes from the Harvard Alumni Health Study, which followed 18,881 male 

university students from 1914 until 1998. This study reported that higher BP in early 

adulthood was associated with elevated CVD risk in later life (Gray et al., 2011). 

Furthermore, observational analysis of data from greater than one million adults indicates 

that in those aged 40-69 years there is a doubling of CVD risk with every 20 mmHg 

increase in systolic BP or 10 mmHg increase in diastolic BP, in those with a BP starting at 

115/75 mmHg (Lewington et al., 2002).  
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Cut-off values for BP are traditionally suggested to have greater prognostic value in 

younger adults. In older age, the phenomenon of elevated systolic BP and decreasing 

diastolic BP leads to a greater difference between systolic and diastolic BP, known as pulse 

pressure, which may in fact be a better predictor of cardiovascular death in older adults, 

(Lee, Rosner and Weiss, 1999). In support of this, in a study of 4,071 veterans aged 80 

years and older, shorter survival times were reported for those with systolic BP below 140 

mmHg compared to a BP above 140 mmHg (Oates et al., 2007). In older age, the benefits 

of BP reduction are also not as evident, as BP and mortality in older adults are inversely 

related (Rastas et al., 2006).  Nonetheless, this is a controversial area, with evidence from 

the Hypertension in the Very Elderly Trial (HYVET), demonstrating improved BP control 

in those aged over 80 years was associated with significant reductions in fatal stroke, heart 

failure and all-cause mortality (Beckett et al., 2008). The results of HYVET may be owing 

to the use of sustained release diuretic, indapamide, and the ACE inhibitor, perindopril, 

which may be more beneficial in this vulnerable age group.  

 

In addition to the trajectory of increasing systolic BP with advancing age, an interaction 

with sex is also at play (Cheng et al., 2012; Joffres et al., 2013). Recent analysis by Ji et 

al., (2020) of 144,599 observations in 32,883 participants over a 43 year follow-up period 

reported sex-differences in BP trajectories. While BP in females was lower in early 

adulthood, females experience a steeper upwards trajectory for systolic BP and from the 

6th decade onwards, females have higher BP than males. In support of this, hypertension 

control rates have been reported to be higher in women younger than 45 years of age, 

similar in males and females between 45-60 years and from 60 years onwards, control rates 

are higher in men (Benjamin et al., 2017). A number of mechanisms have been proposed 

for the sexual dimorphism of the pathophysiology of hypertension, including the protective 

effect of oestrogen in pre-menopausal women, sex differences in cardiac physiology and 

response to treatment and a gender bias with respect to diagnosis, treatment and 

investigation (Doumas et al., 2013; Wenger et al., 2018). Furthermore, there are reports 

that genes related to hypertension are differentially expressed or contribute differently to 

disease in males vs females, thus the influence of genetics on BP may vary between the 

sexes (Rana et al., 2007).  

 

Genetics are generally thought to be non-modifiable; however, in this era of precision 

medicine, effective treatments are available for some diseases based on the genetic make-
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up of the individual. Emerging evidence relating to the role of a specific gene-nutrient 

interaction with hypertension will be discussed in detail later in this review.  

 

Modifiable risk factors for hypertension and CVD 

 

Nutritional and dietary factors  

Diet and lifestyle modification such as weight loss, reduced sodium intake, reduced alcohol 

consumption, increased physical activity and a healthy diet are recommended alone or in 

combination with antihypertensive medications for the effective management of 

hypertension (NICE, 2019). Weight loss is highly effective in lowering BP, it has been 

estimated that with sustained weight loss of 10kg, reductions in systolic BP of 5-20 mmHg 

could be achieved (Chobanian, Bakris and Black, 2003); however, this level of weight loss 

can be difficult to maintain in the longer term. A significant positive relationship between 

24-hour urinary sodium excretion and systolic BP has been reported (Elliott, Dyer and 

Stamler, 1989) and meta-analysis has shown low sodium salt substitutes can reduce 

systolic BP by 7.8 mmHg (95% CI 6.2 to 9.5 mmHg) in normotensive and hypertensive 

populations (Hernandez et al., 2019). The Dietary Approaches to Stop Hypertension 

(DASH) diet was developed to provide a lifelong approach to healthy eating and help 

prevent hypertension (Appel et al., 1997). It is based on the Mediterranean diet which is 

characterised by high intakes of fruit, vegetables, olive oil and moderate amounts of meat 

and fats with an emphasis on low-fat dairy products. Meta-analysis has linked the DASH 

diet with reductions in systolic BP of 5.2 mmHg and diastolic BP by 2.6 mmHg (Siervo et 

al., 2015) with additional benefits observed in combination with a low sodium intake. 

Reductions in systolic BP of 7.1 mmHg in normotensives and 11.5 mmHg in hypertensives 

in response to a low-sodium DASH diet compared to the high-sodium control diet have 

been observed (Sacks et al., 2001).  

 

The DASH diet also emphasises dairy products, which have been recognised as important 

predictors of BP. Dairy products are rich in nutrients including protein, calcium, 

phosphorus, potassium, iodine, magnesium and the B vitamin, riboflavin, and the effect of 

milk, yogurt and cheese consumption on BP and cardiovascular outcome is well 

investigated. In the INTERnational study on MAcro/micronutrients and blood Pressure 

(INTERMAP; Aljuraibana et al., 2018) low-fat dairy compared to total and whole-fat dairy 

was associated with reduced systolic and diastolic BP by 2.3 mmHg. The Prospective 

Urban Rural Epidemiology (PURE) study investigated dietary intakes of dairy products in 
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136,384 individuals from 21 countries. Dairy consumption was associated with a lower 

risk of mortality and major cardiovascular events, with two or more daily servings 

associated with a 22% lower risk of CVD and a 34% lower risk of stroke (Dehghan et al., 

2018). It should be noted; however, that the PURE study included countries with low 

habitual intake of dairy and as such the effect may not be as strong in countries with higher 

reported intakes. Meta-analyses that did not include INTERMAP or PURE report weak or 

neutral associations with dairy products and CVD risk overall, albeit they do note a 

stronger relation between dairy and reduced risk of stroke (Alexander et al., 2016; 

Soedamah-Muthu and de Goede, 2018). In support of this, a new prospective study, based 

on the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, 

reported a significantly lower risk of ischaemic stroke with higher consumption of dairy 

products (Tong et al., 2020).  

 

Folate and related B vitamins involved in one-carbon metabolism and vascular health  

 

B vitamins and one-carbon metabolism 

One-carbon metabolism requires an adequate supply of folate, vitamin B12, vitamin B6 

and riboflavin in their co-enzyme forms for a series of reactions involving the transfer of 

one-carbon units. In the folate cycle, tetrahydrofolate obtains a one-carbon unit from serine 

in a vitamin B6 (plasma pyridoxal-5’-phosphate; PLP) dependent reaction to form 5, 10-

methylenetetrahydrofolate (5,10-MTHF). This is then converted to 5-

methyltetrahydrofolate (5-MTHF) or used in the synthesis of thymidine and purines. The 

MTHFR enzyme converts 5, 10-MTHF to 5-MTHF using riboflavin in its coenzyme form 

of flavin adenine dinucleotide (FAD) as a cofactor. 5-MTHF is then converted to 

tetrahydrofolate in a reaction catalysed by vitamin B12 dependent methionine synthase. 

During this reaction homocysteine is also remethylated to methionine and subsequently to 

S-adenosylmethionine (SAM), a universal methyl donor involved in the methylation of 

DNA, proteins, membrane phospholipids and neurotransmitters. SAM is converted to S-

adenosylhomocysteine and then to homocysteine which is either remethylated back to 

methionine or conversely metabolised in the transsulphuration pathway to form 

cystathionine through another vitamin B6-dependent process. Sub-optimal B vitamin 

status will disrupt one-carbon metabolism, leading to elevated plasma homocysteine and 

perturbed methylation. Of note, regulation of the methylation cycle is essential to ensure 

sufficient supply of SAM to methyltransferase reactions. This is achieved through the 
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action of SAM as an allosteric inhibitor of MTHFR and an allosteric activator of CßS, thus 

controlling one-carbon flux and homocysteine levels (Scott and Weir, 1998). 

 

One-carbon metabolism, CVD and BP  

One-carbon metabolism has been extensively studied in relation to CVD, particularly 

stroke. The majority of studies historically focused on plasma homocysteine as a risk factor 

for CVD; however, it is now considered more likely that homocysteine is a marker of a 

perturbed one-carbon metabolism owing to low status of folate and/or the metabolically 

related B vitamins, vitamin B12, B6 and riboflavin, rather than a causal factor. Randomised 

controlled trials (RCTs) have been conducted to investigate the effect of homocysteine 

lowering, via B vitamin supplementation on secondary CVD prevention with generally 

disappointing results. The evidence; however, is generally much stronger for stroke, with 

meta-analyses of observational studies concluding that lowering homocysteine would 

reduce the risk of stroke by 19-24% (McNulty et al., 2012). This is further supported by 

two meta-analyses which reported the protective effect of homocysteine lowering on stroke 

was greatest in trials that were 3 years or longer in duration, when homocysteine was 

reduced by 20% or more and in the primary rather than secondary prevention of stroke 

(Wang et al., 2007; Lee et al., 2010). Furthermore, the recent China Stroke Primary 

Prevention Trial (CSPPT) reported a 21% reduction in stroke in 20,706 hypertensive 

patients who were administered 0.8mg folic acid for 4.5 years (Huo et al., 2015). This 

evidence, therefore, indicates that optimisation of B vitamin status may be more beneficial 

in the primary prevention rather than secondary treatment of CVD.  

 

In relation to hypertension, RCT’s that have investigated the effect of B vitamin 

supplementation on BP have yielded conflicting results (Wilson et al., 2010). In the 

Vitamin Intervention for Stroke Prevention (VISP) Trial of 3,649 cerebral infarct patients, 

supplementation with high-dose B vitamins (2.5mg folic acid, 25mg B6 and 0.4mg B12) 

compared to low-dose B vitamins (20µg folic acid, 200µg B6 and 6µg B12) over a 2 year 

period decreased homocysteine concentrations were observed with no reported change in 

BP (Toole et al., 2004). Similar results were observed in a smaller study involving 249 

hyperhomocysteinemic individuals aged ≥65 years (McMahon et al., 2007). In contrast 

with this; however, in two separate studies, significant reductions in both systolic BP (3.7 

and 8 mmHg) and diastolic BP (1.9 and 4 mmHg) were observed in response to 

intervention with 5mg/day of folic acid, either alone or in combination with 250mg vitamin 

B6 (Van Dijk et al., 2001; Mangoni et al., 2002). The latter studies were conducted in non-
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clinical cohorts which may further indicate that B vitamins may have a greater role in CVD 

prevention rather than treatment. However, these trials had small sample sizes and one of 

the studies was only 4 weeks in duration thus, firm conclusions cannot be drawn.  

 

The MTHFR C677T polymorphism, B vitamins and hypertension 

The aforementioned trials did not consider a fourth B vitamin, riboflavin, which has a key 

role in one-carbon metabolism as an essential co-factor for the folate metabolising enzyme, 

MTHFR. A common C677T polymorphism in the gene encoding MTHFR affects 10% of 

populations worldwide, although prevalence varies and can be as high as 32% in Mexicans 

(Wilcken et al., 2003). Homozygosity for the polymorphism (TT genotype) leads to a 

functionally defective enzyme with reduced affinity for its riboflavin cofactor (Frosst et 

al., 1995; Yamada et al., 2001) resulting in elevated homocysteine concentrations. The TT 

genotype has been linked with 24-87% increased risk of hypertension and up to 40% for 

CVD although a geographic variation exists suggesting a gene-environment interaction 

may be at play (McNulty et al., 2017). RCT’s conducted at our Centre have demonstrated 

that supplementation with riboflavin can modulate BP in individuals with the common 

C677T variant in MTHFR. In response to supplementation with riboflavin at the dietary 

level of 1.6mg per day, significant reductions ranging from 6-14 mmHg in systolic and 3-

8 mmHg in diastolic BP have been observed (Horigan et al., 2010; Wilson et al., 2012, 

2013). These riboflavin trials, which to date have been confined to only one population, 

have focused on clinical cohorts i.e. in those with premature CVD or who have been 

diagnosed with hypertension but free of overt CVD, with some evidence that the effect 

may be attenuated by advancing age. In China, the prevalence of the MTHFR C677T 

genotype is approximately 20% (Wilcken et al., 2003), where it increases the risk of 

hypertension by up to 87% (McNulty et al., 2017). One of the few studies to consider the 

MTHFR genotype is The China Stroke Primary Prevention Trial (CSPPT).  In 20,702 

hypertensive patients prescribed the ACE inhibitor, enalapril, folic acid did not result in 

any additional BP lowering, although folic acid did confer a significant reduction in stroke 

risk by 21% (Huo et al., 2015). No differences in BP response were observed between the 

genotype groups, although the authors concluded a higher dose of folic acid may be needed 

by those with the C677T polymorphism, indicating that the dose of folic acid supplement 

may be important. This study also did not consider the MTHFR cofactor, riboflavin, which 

could also have influenced results. Thus, the effect of a combination of these B vitamins 

on BP in adults with the TT genotype warrants further investigation.   
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As previously discussed, there is strong epidemiological evidence to support an association 

between B vitamin status and CVD however, only a limited number of studies have 

investigated the effect of B vitamin supplementation on vascular function (summarised in 

Table 2) and overall the evidence is mixed. Meta-analyses evaluating the effect of folic 

acid supplementation on FMD report improvements in FMD in those who received doses 

of 5 mg or greater of folic acid indicating again that the dose of folic acid may be important 

(De Bree, Van Mierlo and Draijer, 2007; McRae, 2009; Yi et al., 2014). These meta-

analyses reported 1.08-1.61% increase in FMD change (De Bree, Van Mierlo and Draijer, 

2007; McRae, 2009) with one study also reporting significant reductions in systolic BP of 

2 mmHg in response to folic acid (McRae, 2009). While these findings may appear modest, 

to put them into perspective, 2 mmHg reduction in SBP can reduce future CVD event by 

10% (Lewington et al., 2002) and 1% change in FMD indicates a significant 8–13% lower 

risk of CV events (Thijssen et al., 2019), thus highlighting folic acid as a viable nutritional 

option to improve vascular health. Improving one-carbon metabolism by achieving optimal 

B vitamin status may be important, as indicated by improvements in FMD in response to 

500µg/day of vitamin B12 folate-replete vegetarians (Kwok et al., 2012). 

 

Studies focusing on other markers of vascular health such as PWV demonstrate little effect 

of folic acid at doses of 1mg or less, although supplementation with 5-

methyltetrahydrofolate (5-MTHF), the predominant form of folate generated by the 

MTHFR enzyme, may be more beneficial than folic acid (Khandanpour et al., 2009). 

Although, it should be noted these studies largely investigated clinical rather than healthy 

cohorts, and interventions were confined to folic acid rather than a combination of B 

vitamins.  

 

Impact of the MTHFR C677T genotype and B vitamins on vascular health 

Observational studies investigating the impact of MTHFR genotype on markers of vascular 

health are limited and generally do not provide any additional evidence to support an 

association between the TT genotype markers of vascular function (summarised in Table 

3). Few intervention studies have investigated the effect of folic acid supplementation on 

PWV in adults stratified by MTHFR genotype. The largest RCT published to date is a sub-

study of the aforementioned CSPPT, where 2,529 individuals were assessed for brachial-

ankle PWV at baseline and after 5 years of treatment with the ACE inhibitor, enalapril, 

with or without concurrent supplementation with 0.8mg folic acid (Yang et al., 2018). The 

greatest improvement in PWV was observed in the CC genotype group, which the authors 
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suggest may indicate a greater dose of folic acid is required in homozygous mutant adults. 

This could offer some explanation as to why meta-analyses reporting the inability of low 

dose folic acid to modulate markers of vascular function, such as FMD (De Bree, Van 

Mierlo and Draijer, 2007; McRae, 2009; Yi et al., 2014). One published RCT which 

considered MTHFR genotype and BP, observed reduced central systolic BP in response to 

5mg of folic acid for three weeks; however, this was independent of MTHFR genotype and 

did not reach statistical significance, likely owing to the small sample size of 41 

participants (Williams et al., 2005). While the evidence to date does not support an effect 

of the polymorphism and B vitamins on vascular health, the majority of studies were 

confined to specific populations and only used one marker of vascular health.  

   

A limitation of the studies conducted to date is that the MTHFR cofactor, riboflavin, was 

not considered which may have influenced the response. Supplementation with riboflavin, 

at the dietary level of 1.6mg/day has been shown to improve enzyme activity (McNulty et 

al., 2006) and significantly reduce systolic BP by 6-14 mmHg and diastolic BP 3-8 mmHg, 

an effect confined to those with the MTHFR 677TT genotype evidenced by a decrease in 

homocysteine (Horigan et al., 2010; Wilson et al., 2012, 2013). However, these studies 

only considered the effect of riboflavin on BP outcome as the main marker of vascular 

health. Thus, the influence of a combination of B vitamins, including riboflavin, on central 

measures of vascular health, in particular in adults with the MTHFR 677TT genotype, 

warrants consideration in future RCT’s. 

 

Potential mechanisms linking one-carbon metabolism to vascular health 

 

Nitric Oxide  

The mechanism underpinning the role of this gene-nutrient interaction in hypertension is 

currently unknown but may be mediated by the potent vasodilator nitric oxide (NO). NO 

is released from the endothelium in response to the shear stress of blood flow and acts as 

a signalling gasotransmitter which has anti-thrombotic, anti-angiogenic and anti-

inflammatory properties (Ignarro, 2002). Endothelial NO synthase (eNOS), is responsible 

for the generation of NO and requires a number of essential co-factors to function, 

including the pteridine, tetrahydrobiopterin (BH4), and riboflavin in its co-enzyme forms 

of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMD; Liu and Huang, 

2008). NO production and bioavailability is positively associated with 5-MTHF 

concentrations as 5-MTHF promotes eNOS coupling, thus enhancing NO generation 

28



(Antoniades et al., 2006). Antoniades et al., (2006) found intravenous infusion of 5-MTHF 

improved NO-dependent vasodilation in patients undergoing coronary artery bypass graft 

surgery, an effect that was mediated by BH4. 5-MTHF and BH4 share similar molecular 

structures, which allows 5-MTHF to bind to the pteridine-binding site of eNOS thus 

promoting eNOS coupling (Yuyun, Ng and Ng, 2018). Direct administration of 5-MTHF 

has also been shown to acutely improve NO-mediated vasodilation in the microvasculature 

of older adults (Stanhewicz and Kenney, 2015). Studies investigating the effect of NO on 

vascular tissue are limited to biopsy samples obtained from coronary artery bypass surgery 

patients (Antoniades et al., 2006, 2009), which is not possible in healthy individuals. 

Riboflavin could therefore be impacting BP by stabilising MTHFR enzyme activity. 

Studies investigating the effect of riboflavin on NO-mediated vasodilation stratified by 

MTHFR genotype would help further our understanding of this gene-nutrient interaction 

and hypertension.  

 

Alternative mechanisms: DNA methylation  

DNA methylation is an epigenetic mechanism which refers to the regulation of gene 

expression rather than alteration to the heritable DNA sequence. The addition of a methyl 

group to the DNA molecule can alter gene transcription and expression and has been 

implicated in a number of disease states, including CVD. The primary function of one-

carbon metabolism is the transfer of one-carbon, or methyl, groups namely S-

adenosylmethionine (SAM) to a number of biochemical pathways including DNA 

methylation, histone modification and neurotransmitters (Bailey et al., 2015). Adults with 

the TT genotype generally have altered one-carbon metabolism as a result of lower 

concentrations of 5-MTHF and reduced MTHFR activity. As such, concentrations of SAM 

and the potential to donate methyl groups to methyltransferase reactions may be perturbed. 

Studies investigating the effect of intervention with B vitamins on methylation have 

focused mainly on the effect of folic acid and a recent qualitative analysis concluded that 

supplementation with folic acid, either alone or in combination with vitamin B12 results 

in increased global DNA methylation. This qualitative analysis also examined studies 

which stratified by MTHFR genotype and found lower methylation in the presence of low 

folate status in those with the TT relative to CC genotype (Amenyah et al., 2020). The 

influence of B vitamins and other one-carbon metabolites on DNA methylation and the 

impact on health outcomes is an area for future research.   
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Conclusion 

 

Hypertension is a major public problem at a global level. National health services have 

recognised, through more stringent guidelines, that increased consideration for lifestyle 

treatments is advocated. Clear evidence confirms the benefits of non-drug interventions to 

address high BP in the community; however, compliance with intervention presents a 

challenge. One-carbon metabolism and related B vitamins are linked with CVD and 

hypertension. The C677T polymorphism in the folate metabolising enzyme MTHFR is 

independently linked with hypertension which can be uniquely modified by riboflavin, the 

MTHFR cofactor, by to up 14 mmHg in individuals with the MTHFR 677TT genotype. 

The findings of such studies could have important implications for public health for the 

prevention of the hypertension in the approximate 10% of the population who carry the 

MTHFR C677T polymorphism. The mechanism linking this specific gene-nutrient 

interaction with BP is currently unknown; however, it could potentially be mediated via 

nitric oxide (NO), a potent vasodilator. The measurement of NO presents significant 

challenges and assessment of endothelial function is recognised as an alternative 

parameter. Improvements in endothelial function and arterial stiffness have previously 

been reported in response to folic acid although a paucity of data in this area exists and no 

studies have considered the role of riboflavin. Further studies in the form of well conducted 

RCT’s investigating both riboflavin and folic acid on a more comprehensive profile of 

vascular health may help further our understanding of the mechanism linking one-carbon 

metabolism with BP and vascular health. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30



Bibliography 

Alexander, D. D. et al. (2016) ‘Dairy consumption and CVD: A systematic review and meta-

analysis’, British Journal of Nutrition. Cambridge University Press, 115(4), pp. 737–750. 

doi: 10.1017/S0007114515005000. 

 

Aljuraibana, G. S. et al. (2018) ‘Relations between dairy product intake and blood pressure: 

The international study on macro/micronutrients and blood pressure’, Journal of 

Hypertension. Lippincott Williams and Wilkins, 36(10), pp. 2049–2058. doi: 

10.1097/HJH.0000000000001779. 

 

Amenyah, S. D. et al. (2020) ‘Influence of nutrients involved in one-carbon metabolism on 

DNA methylation in adults—a systematic review and meta-analysis’, Nutrition Reviews. 

Oxford University Press (OUP). doi: 10.1093/nutrit/nuz094. 

 

Antoniades, C. et al. (2006) ‘5-methyltetrahydrofolate rapidly improves endothelial function 

and decreases superoxide production in human vessels: effects on vascular 

tetrahydrobiopterin availability and endothelial nitric oxide synthase coupling.’, Circulation, 

114(11), pp. 1193–201. doi: 10.1161/CIRCULATIONAHA.106.612325. 

 

Antoniades, C. et al. (2009) ‘MTHFR 677 C>T polymorphism reveals functional importance 

for 5-methyltetrahydrofolate, not homocysteine, in regulation of vascular redox state and 

endothelial function in human atherosclerosis’, Circulation, 119(18), pp. 2507–2515. doi: 

10.1161/CIRCULATIONAHA.108.808675. 

 

Appel, L. J. et al. (1997) ‘A Clinical Trial of the Effects of Dietary Patterns on Blood 

Pressure’, New England Journal of Medicine, 336(16), pp. 1117–1124. doi: 

10.1056/NEJM199704173361601. 

 

Bailey, L. B. et al. (2015) ‘Biomarkers of Nutrition for Development—Folate Review’, The 

Journal of Nutrition. Narnia, 145(7), pp. 1636S-1680S. doi: 10.3945/jn.114.206599. 

Beckett, N. S. et al. (2008) ‘Treatment of Hypertension in Patients 80 Years of Age or 

Older’, New England Journal of Medicine. Massachussetts Medical Society, 358(18), pp. 

1887–1898. doi: 10.1056/NEJMoa0801369. 

 

Ben-Shlomo, Y. et al. (2014) ‘Cardiometabolic Risk Aortic Pulse Wave Velocity Improves 

31



Cardiovascular Event Prediction An Individual Participant Meta-Analysis of Prospective 

Observational Data From 17,635 Subjects’, Journal of the American College of Cardiology, 

63, pp. 636–646. doi: 10.1016/j.jacc.2013.09.063. 

 

Benetos, A. et al. (2016) ‘An Expert Opinion From the European Society of Hypertension-

European Union Geriatric Medicine Society Working Group on the Management of 

Hypertension in Very Old, Frail Subjects.’, Hypertension (Dallas, Tex. : 1979), 67(5), pp. 

820–5. doi: 10.1161/HYPERTENSIONAHA.115.07020. 

 

Benjamin, E. J. et al. (2017) ‘Heart Disease and Stroke Statistics’2017 Update: A Report 

from the American Heart Association’, Circulation. Lippincott Williams and Wilkins, pp. 

e146–e603. doi: 10.1161/CIR.0000000000000485. 

 

Benjamin, E. J. et al. (2019) ‘Heart Disease and Stroke Statistics-2019 Update: A Report 

From the American Heart Association’, Circulation. NLM (Medline), 139(10), pp. e56–e66. 

doi: 10.1161/CIR.0000000000000659. 

 

Bleie, Ø. et al. (2011) ‘Coronary blood flow in patients with stable coronary artery disease 

treated long term with folic acid and vitamin B12’, Coronary Artery Disease, 22(4), pp. 270–

278. doi: 10.1097/MCA.0b013e328344fff4. 

 

De Bree, A., Van Mierlo, L. A. and Draijer, R. (2007) ‘Folic acid improves vascular 

reactivity in humans: A meta-analysis of randomized controlled trials’, American Journal of 

Clinical Nutrition, 86(3), pp. 610–617. doi: 10.1093/ajcn/86.3.610. 

 

British and Irish Hypertension Society (2019) NICE Hypertension Guidelines for adults: 

what is new? Available at: https://bihsoc.org/wp-content/uploads/2019/08/BIHS-on-NICE-

Guideline-2019_Final-web.pdf (Accessed: 24 January 2020). 

 

Cabo, R. et al. (2015) ‘Effects of polymorphisms in endothelial nitric oxide synthase and 

folate metabolizing genes on the concentration of serum nitrate, folate, and plasma total 

homocysteine after folic acid supplementation: A double-blind crossover study’, Nutrition. 

Elsevier Inc., 31(2), pp. 337–344. doi: 10.1016/j.nut.2014.08.009. 

 

Celermajer, D. S. et al. (1992) ‘Non-invasive detection of endothelial dysfunction in children 

32



and adults at risk of atherosclerosis’, The Lancet. Elsevier, 340(8828), pp. 1111–1115. doi: 

10.1016/0140-6736(92)93147-F. 

 

Cheng, S. et al. (2012) ‘Blood pressure tracking over the adult life course: patterns and 

correlates in the Framingham heart study.’, Hypertension (Dallas, Tex. : 1979), 60(6), pp. 

1393–9. doi: 10.1161/HYPERTENSIONAHA.112.201780. 

 

Chobanian, A. V, Bakris, G. L. and Black, H. R. (2003) ‘High Blood Pressure: The JNC 7 

Report Prevention, Detection, Evaluation, and Treatment of The Seventh Report of the Joint 

National Committee on The JNC 7 Hypertension Guidelines’, JAMA . 289(19), pp.2560-

2571. (1.9191911201010101e+25). doi: 10.1001/jama.289.19.2560. 

 

Collings, A. et al. (2008) ‘Associations of methylenetetrahydrofolate reductase C677T 

polymorphism with markers of subclinical atherosclerosis: The Cardiovascular Risk in 

Young Finns Study’, Scandinavian Journal of Clinical and Laboratory Investigation, 68(1), 

pp. 22–30. doi: 10.1080/00365510701487735. 

 

Corretti, M. C. et al. (2002) ‘Guidelines for the ultrasound assessment of endothelial-

dependent flow-mediated vasodilation of the brachial artery: A report of the International 

Brachial Artery Reactivity Task Force’, Journal of the American College of Cardiology. 

Elsevier, 39(2), pp. 257–265. doi: 10.1016/S0735-1097(01)01746-6. 

 

Cushman, W. C. et al. (2010) ‘Effects of intensive blood-pressure control in type 2 diabetes 

mellitus’, New England Journal of Medicine, 362(17), pp. 1575–1585. doi: 

10.1056/NEJMoa1001286. 

 

Dehghan, M. et al. (2018) ‘Association of dairy intake with cardiovascular disease and 

mortality in 21 countries from five continents (PURE): a prospective cohort study’, The 

Lancet., 392(10161), pp. 2288–2297. doi: 10.1016/S0140-6736(18)31812-9. 

 

van Dijk, R. A. J. M. et al. (2001) ‘Long-term homocysteine-lowering treatment with folic 

acid plus pyridoxine is associated with decreased blood pressure but not with improved 

brachial artery endothelium-dependent vasodilation or carotid artery stiffness: A 2-year, 

randomized, placebo-controlled trial’, Arteriosclerosis, Thrombosis, and Vascular Biology. 

Lippincott Williams and Wilkins, 21(12), pp. 2072–2079. doi: 10.1161/hq1201.100223. 

33



van Dijk, S. C. et al. (2015) ‘Effects of 2-year vitamin B12 and folic acid supplementation 

in hyperhomocysteinemic elderly on arterial stiffness and cardiovascular outcomes within 

the B-PROOF trial’, Journal of Hypertension, 33(9), pp. 1897–1906. doi: 

10.1097/HJH.0000000000000647. 

 

Doumas, M. et al. (2013) ‘Gender differences in hypertension: Myths and reality’, Current 

Hypertension Reports. Springer, 15(4), pp. 321–330. doi: 10.1007/s11906-013-0359-y. 

 

Durga, J. et al. (2011) ‘Effect of 3 y of folic acid supplementation on the progression of 

carotid intima-media thickness and carotid arterial stiffness in older adults’, The American 

Journal of Clinical Nutrition. Oxford University Press, 93(5), pp. 941–949. doi: 

10.3945/ajcn.110.006429. 

 

Elliott, P., Dyer, A. and Stamler, R. (1989) ‘The INTERSALT study: results for 24 hour 

sodium and potassium, by age and sex. INTERSALT Co-operative Research Group.’, 

Journal of Human Hypertension, 3(5), pp. 323–330. 

 

Ettehad, D. et al. (2016) ‘Blood pressure lowering for prevention of cardiovascular disease 

and death: a systematic review and meta-analysis’, The Lancet. Elsevier, 387(10022), pp. 

957–967. doi: 10.1016/S0140-6736(15)01225-8. 

 

Falaschetti, E. et al. (2014) ‘Hypertension management in England: A serial cross-sectional 

study from 1994 to 2011’, The Lancet. Lancet Publishing Group, 383(9932), pp. 1912–1919. 

doi: 10.1016/S0140-6736(14)60688-7. 

 

Frosst, P. et al. (1995) ‘A candidate genetic risk factor for vascular disease: a common 

mutation in methylenetetrahydrofolate reductase.’, Nature Genetics, 10(1), pp. 111–3. doi: 

10.1038/ng0595-111. 

 

Gray, L. et al. (2011) ‘Blood pressure in early adulthood, hypertension in middle age, and 

future cardiovascular disease mortality: HAHS (Harvard Alumni Health Study)’, Journal of 

the American College of Cardiology. Journal of the American College of Cardiology, 58(23), 

pp. 2396–2403. doi: 10.1016/j.jacc.2011.07.045. 

 

Hernandez, A. V. et al. (2019) ‘Effect of low-sodium salt substitutes on blood pressure, 

34



detected hypertension, stroke and mortality’, Heart. BMJ Publishing Group, 105(12), pp. 

953–960. doi: 10.1136/heartjnl-2018-314036. 

 

Hodis, H. N. et al. (2009) ‘High-dose B vitamin supplementation and progression of 

subclinical atherosclerosis: a randomized controlled trial.’, Stroke, 40(3), pp. 730–6. doi: 

10.1161/STROKEAHA.108.526798. 

 

Horigan, G. et al. (2010) ‘Riboflavin lowers blood pressure in cardiovascular disease 

patients homozygous for the 677C→T polymorphism in MTHFR’, Journal of Hypertension, 

28(3), pp. 478–486. doi: 10.1097/HJH.0b013e328334c126. 

 

Huo, Y., Li, J., Qin, X., Huang, Y., Wang, X., Wu, P., et al. (2015) ‘Efficacy of folic acid 

therapy in primary prevention of stroke among adults with hypertension in China: The 

CSPPT randomized clinical trial’, JAMA - Journal of the American Medical Association. 

American Medical Association, 313(13), pp. 1325–1335. doi: 10.1001/jama.2015.2274. 

 

Huo, Y., Li, J., Qin, X., Huang, Y., Wang, Xiaobin, Gottesman, R. F., et al. (2015) ‘Efficacy 

of Folic Acid Therapy in Primary Prevention of Stroke Among Adults With Hypertension 

in China’, JAMA, 313(13), p. 1325. doi: 10.1001/jama.2015.2274. 

 

Ignarro, L. (2002) ‘Nitric oxide as a unique signaling molecule in the vascular system: a 

historical overview', Journal of physiology and pharmacology, 53(4), pp. 503–514. 

 

Ji, H. et al. (2020) ‘Sex Differences in Blood Pressure Trajectories Over the Life Course.’, 

JAMA cardiology. doi: 10.1001/jamacardio.2019.5306. 

 

Joffres, M. et al. (2013) ‘Hypertension prevalence, awareness, treatment and control in 

national surveys from England, the USA and Canada, and correlation with stroke and 

ischaemic heart disease mortality: A cross-sectional study’, BMJ Open, 3(8). doi: 

10.1136/bmjopen-2013-003423. 

 

Khandanpour, N. et al. (2009) ‘Randomized clinical trial of folate supplementation in 

patients with peripheral arterial disease’, in British Journal of Surgery, pp. 990–998. doi: 

10.1002/bjs.6670. 

 

35



Koo, H. S., Lee, H. S. and Hong, Y. M. (2008) ‘Methylenetetrahydrofolate reductase TT 

genotype as a predictor of cardiovascular risk in hypertensive adolescents’, Pediatric 

Cardiology, 29(1), pp. 136–141. doi: 10.1007/s00246-007-9103-1. 

 

Koyama, K. et al. (2010) ‘Randomized Controlled Trial of the Effect of Short-term 

Coadministration of Methylcobalamin and Folate on Serum ADMA Concentration in 

Patients Receiving Long-term Hemodialysis’, American Journal of Kidney Diseases, 55(6), 

pp. 1069–1078. doi: 10.1053/j.ajkd.2009.12.035. 

 

Kwok, T. et al. (2012) ‘Vitamin b-12 supplementation improves arterial function in 

vegetarians with subnormal vitamin b-12 status’, Journal of Nutrition, Health and Aging. 

Springer-Verlag France, 16(6), pp. 569–573. doi: 10.1007/s12603-012-0036-x. 

 

Lay-Flurrie, S. L. et al. (2019) ‘Impact of Changes to National Hypertension Guidelines on 

Hypertension Management and Outcomes in the United Kingdom.’, Hypertension (Dallas, 

Tex. : 1979), p. HYPERTENSIONAHA11913926. doi: 

10.1161/HYPERTENSIONAHA.119.13926. 

 

Lee, M. et al. (2010) ‘Efficacy of homocysteine-lowering therapy with folic Acid in stroke 

prevention: a meta-analysis.’, Stroke, 41(6), pp. 1205–12. doi: 

10.1161/STROKEAHA.109.573410. 

 

Lee, M. L. T., Rosner, B. A. and Weiss, S. T. (1999) ‘Relationship of blood pressure to 

cardiovascular death: The effects of pulse pressure in the elderly’, Annals of Epidemiology. 

Elsevier, 9(2), pp. 101–107. doi: 10.1016/S1047-2797(98)00034-9. 

 

Lewington, S. et al. (2002) ‘Age-specific relevance of usual blood pressure to vascular 

mortality: a meta-analysis of individual data for one million adults in 61 prospective 

studies.’, Lancet (London, England). Elsevier, 360(9349), pp. 1903–13. doi: 10.1016/s0140-

6736(02)11911-8. 

 

Liu, V. W. T. and Huang, P. L. (2008) ‘Cardiovascular roles of nitric oxide: A review of 

insights from nitric oxide synthase gene disrupted mice’, Cardiovascular Research, pp. 19–

29. doi: 10.1016/j.cardiores.2007.06.024. 

 

36



Lonn, E. et al. (2006) ‘Homocysteine lowering with folic acid and B vitamins in vascular 

disease’, New England Journal of Medicine, 354(15), pp. 1567–1577. doi: 

10.1056/NEJMoa060900. 

 

Lorenz, M. W. et al. (2018) ‘Predictive value for cardiovascular events of common carotid 

intima media thickness and its rate of change in individuals at high cardiovascular risk – 

Results from the PROG-IMT collaboration’, PLoS ONE. Public Library of Science, 13(4). 

doi: 10.1371/journal.pone.0191172. 

 

Mangoni, A. A. et al. (2002) ‘Folic acid enhances endothelial function and reduces blood 

pressure in smokers: a randomized controlled trial.’, Journal of internal medicine, 252(6), 

pp. 497–503.  

 

Maruyama, K. et al. (2019) ‘Association between vitamin B group supplementation with 

changes in % floww mediated dilatation and plasma homocysteine levels: a randomized 

controlled trial’, J. Clin. Biochem. Nutr, 64(3), pp. 243–249. doi: 10.3164/jcbn.17756. 

 

McCormack, T. et al. (2019) ‘The 2018 ESC/ESH hypertension guideline and the 2019 

NICE hypertension guideline, how and why they differ’, European Heart Journal, 40(42), 

pp. 3456–3458. doi: 10.1093/eurheartj/ehz681. 

 

McEniery, C. M. et al. (2014) ‘Central blood pressure: Current evidence and clinical 

importance’, European Heart Journal, 35(26), pp. 1719–1725. doi: 

10.1093/eurheartj/eht565. 

 

McEvoy, J. W. et al. (2020) ‘Association of Isolated Diastolic Hypertension as Defined by 

the 2017 ACC/AHA Blood Pressure Guideline With Incident Cardiovascular Outcomes’, 

JAMA, 323(4), p. 329. doi: 10.1001/jama.2019.21402. 

McMahon, A. et al. (2016) ‘Novel approaches to investigate one-carbon metabolism and 

related B-vitamins in blood pressure’, Nutrients. MDPI AG. doi: 10.3390/nu8110720. 

 

McMahon, J. A. et al. (2007) ‘Lowering Homocysteine with B Vitamins Has No Effect on 

Blood Pressure in Older Adults’, The Journal of Nutrition, 137(5), pp. 1183–1187. doi: 

10.1093/jn/137.5.1183. 

 

37



McManus, R. J. et al. (2018) ‘Efficacy of self-monitored blood pressure, with or without 

telemonitoring, for titration of antihypertensive medication (TASMINH4): an unmasked 

randomised controlled trial’, The Lancet. Lancet Publishing Group, 391(10124), pp. 949–

959. doi: 10.1016/S0140-6736(18)30309-X. 

 

McNulty, H. et al. (2006) ‘Riboflavin lowers homocysteine in individuals homozygous for 

the MTHFR 677C→T polymorphism’, Circulation, 113(1), pp. 74–80. doi: 

10.1161/CIRCULATIONAHA.105.580332. 

 

McNulty, H. et al. (2012) ‘C1 metabolism and CVD outcomes in older adults’, in 

Proceedings of the Nutrition Society. Cambridge University Press, pp. 213–221. doi: 

10.1017/S0029665111003387. 

 

McNulty, H. et al. (2017) ‘Riboflavin, MTHFR genotype and blood pressure: A personalized 

approach to prevention and treatment of hypertension’, Molecular Aspects of Medicine. 

Elsevier Ltd, 53, pp. 2–9. doi: 10.1016/j.mam.2016.10.002. 

 

McRae, M. P. (2009) ‘High-dose folic acid supplementation effects on endothelial function 

and blood pressure in hypertensive patients: a meta-analysis of randomized controlled 

clinical trials’, Journal of Chiropractic Medicine, pp. 15–24. doi: 

10.1016/j.jcm.2008.09.001. 

 

Muntner, P. et al. (2018) ‘Potential US Population Impact of the 2017 ACC/AHA High 

Blood Pressure Guideline’, Circulation. 137(2), pp. 109–118. doi: 

10.1161/circulationaha.117.032582. 

 

National Institute for Health and Care Excellence (NICE) (2019) Hypertension in adults: 

diagnosis and management NG136. NICE. Available at: 

https://www.nice.org.uk/guidance/ng136 (Accessed: 6 September 2019). 

 

O’Rourke, M. F. et al. (2011) ‘Arterial aging: A review of the pathophysiology and potential 

for pharmacological intervention’, Drugs and Aging, pp. 779–795. doi: 10.2165/11592730 

 

Oates, D. J. et al. (2007) ‘Blood Pressure and Survival in the Oldest Old’, Journal of the 

American Geriatrics Society. John Wiley & Sons, Ltd, 55(3), pp. 383–388. doi: 

38



10.1111/j.1532-5415.2007.01069.x. 

 

Park, J. et al. (2015) ‘Tetrahydrobiopterin lowers muscle sympathetic nerve activity and 

improves augmentation index in patients with chronic kidney disease’, American Journal of 

Physiology - Regulatory Integrative and Comparative Physiology. American Physiological 

Society, 308(3), pp. R208–R218. doi: 10.1152/ajpregu.00409.2014. 

 

Patel, R. S., Masi, S. and Taddei, S. (2017) ‘Understanding the role of genetics in 

hypertension’, European Heart Journal. Oxford University Press, pp. 2309–2312. doi: 

10.1093/eurheartj/ehx273. 

 

Pullin, C. H. et al. (2001) ‘Optimization of dietary folate or low-dose folic acid supplements 

lower homocysteine but do not enhance endothelial function in healthy adults, irrespective 

of the methylenetetrahydrofolate reductase (C677T) genotype’, Journal of the American 

College of Cardiology, 38(7), pp. 1799–1805. doi: 10.1016/S0735-1097(01)01668-0. 

 

Rana, B. K. et al. (2007) ‘Population-based sample reveals gene-gender interactions in blood 

pressure in White Americans.’, Hypertension (Dallas, Tex. : 1979), 49(1), pp. 96–106. doi: 

10.1161/01.HYP.0000252029.35106.67. 

 

Rastas, S. et al. (2006) ‘Association Between Blood Pressure and Survival over 9 Years in 

a General Population Aged 85 and Older’, Journal of the American Geriatrics Society. John 

Wiley & Sons, Ltd, 54(6), pp. 912–918. doi: 10.1111/j.1532-5415.2006.00742.x. 

 

Sacks, F. M. et al. (2001) ‘Effects on blood pressure of reduced dietary sodium and the 

dietary approaches to stop hypertension (dash) diet’, New England Journal of Medicine, 

344(1), pp. 3–10. doi: 10.1056/NEJM200101043440101. 

 

Scott, J. M. and Weir, D. G. (1998) ‘Folic acid, homocysteine and one-carbon metabolism: 

a review of the essential biochemistry.’, Journal of cardiovascular risk, 5(4), pp. 223–7.  

 

Siervo, M. et al. (2015) ‘Effects of the dietary approach to stop hypertension (DASH) diet 

on cardiovascular risk factors: A systematic review and meta-analysis’, British Journal of 

Nutrition. Cambridge University Press, pp. 1–15. doi: 10.1017/S0007114514003341. 

 

39



Soedamah-Muthu, S. S. and de Goede, J. (2018) ‘Dairy Consumption and Cardiometabolic 

Diseases: Systematic Review and Updated Meta-Analyses of Prospective Cohort Studies’, 

Current nutrition reports. NLM (Medline), 7(4), pp. 171–182. doi: 10.1007/s13668-018-

0253-y. 

 

Stanhewicz, A. E., Alexander, L. M. and Larry Kenney, W. (2015) ‘Folic acid 

supplementation improves microvascular function in older adults through nitric oxide-

dependent mechanisms’, Clinical Science. Portland Press Ltd, 129(2), pp. 159–167. doi: 

10.1042/CS20140821. 

 

Talari, H. R. et al. (2016) ‘The Effects of Folate Supplementation on Carotid Intima-Media 

Thickness and Metabolic Status in Patients with Metabolic Syndrome’, Annals of Nutrition 

and Metabolism, 69(1), pp. 41–50. doi: 10.1159/000448295. 

 

The Reference Values for Arterial Stiffness Collaboration (2010) ‘Determinants of pulse 

wave velocity in healthy people and in the presence of cardiovascular risk factors: 

“establishing normal and reference values”’, European Heart Journal, 31(19), pp. 2338–

2350. doi: 10.1093/eurheartj/ehq165. 

 

Thijssen, D. H. J. et al. (2019) ‘Expert consensus and evidence-based recommendations for 

the assessment of flow-mediated dilation in humans’, European Heart Journal. Narnia, 

40(30), pp. 2534–2547. doi: 10.1093/eurheartj/ehz350. 

 

Tong, T. Y. et al. (2020) ‘The associations of major foods and fibre with risks of ischaemic 

and haemorrhagic stroke: a prospective study of 418 329 participants in the EPIC cohort 

across nine European countries’, European Heart Journal, 44, pp. 1–11. doi: 

10.1093/eurheartj/ehaa007. 

 

Toole, J. F. et al. (2004) ‘Lowering Homocysteine in Patients with Ischemic Stroke to 

Prevent Recurrent Stroke, Myocardial Infarction, and Death: The Vitamin Intervention for 

Stroke Prevention (VISP) Randomized Controlled Trial’, Journal of the American Medical 

Association, 291(5), pp. 565–575. doi: 10.1001/jama.291.5.565. 

Touboul, P.-J. et al. (2012) ‘Mannheim Carotid Intima-Media Thickness and Plaque 

Consensus (2004-2006-2011)’, Cerebrovascular Diseases, 34(4), pp. 290–296. doi: 

10.1159/000343145. 

40



Townsend, R. R. et al. (2016) ‘American Society of Hypertension position paper: central 

blood pressure waveforms in health and disease’, Journal of the American Society of 

Hypertension. Elsevier, 10(1), pp. 22–33. doi: 10.1016/J.JASH.2015.10.012. 

 

Vijayakumar, A. et al. (2017) ‘Effects of folic acid supplementation on serum homocysteine 

levels, lipid profiles, and vascular parameters in post-menopausal Korean women with type 

2 diabetes mellitus’, Nutrition Research and Practice, 11(4), p. 327. doi: 

10.4162/nrp.2017.11.4.327. 

 

VISP, T. V. I. for S. P. (VISP) R. C. T. . . (2006) ‘Lowering homocysteine in patients with 

ischemic stroke to prevent recurrent stroke, myocardial infarction and death’, JAMA, 291, 

pp. 565–75. 

 

Vlachopoulos, C. et al. (2010a) ‘Prediction of cardiovascular events and all-cause mortality 

with central haemodynamics: a systematic review and meta-analysis’, European Heart 

Journal. Narnia, 31(15), pp. 1865–1871. doi: 10.1093/eurheartj/ehq024. 

 

Vlachopoulos, C. et al. (2010b) ‘Prediction of cardiovascular events and all-cause mortality 

with central haemodynamics: a systematic review and meta-analysis’, European Heart 

Journal. Oxford University Press, 31(15), pp. 1865–1871. doi: 10.1093/eurheartj/ehq024. 

 

Vlachopoulos, C., Aznaouridis, K. and Stefanadis, C. (2010) ‘Prediction of Cardiovascular 

Events and All-Cause Mortality With Arterial Stiffness. A Systematic Review and Meta-

Analysis’, Journal of the American College of Cardiology, 55(13), pp. 1318–1327. doi: 

10.1016/j.jacc.2009.10.061. 

 

Wang, X. et al. (2007) ‘Efficacy of folic acid supplementation in stroke prevention: a meta-

analysis’, Lancet. Elsevier, 369(9576), pp. 1876–1882. doi: 10.1016/S0140-6736(07)60854 

 

Wenger, N. K. et al. (2018) ‘Hypertension Across a Woman’s Life Cycle’, Journal of the 

American College of Cardiology. Elsevier USA, pp. 1797–1813. doi: 

10.1016/j.jacc.2018.02.033. 

 

Whelton, P. K. et al. (2017) ‘2017 

ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the 

41



Prevention, Detection, Evaluation, and Management of High Blood Pressure in Adults: 

Executive Summary’, Hypertension. American College of Cardiology Foundation, 71(19), 

p. HYP.0000000000000066. doi: 10.1161/HYP.0000000000000066. 

 

Wilcken, B. et al. (2003) ‘Geographical and ethnic variation of the 677C>T allele of 5,10 

methylenetetrahydrofolate reductase’, J MedGenet, 40, pp. 619–625. 

 

Williams, B. et al. (2018) ‘2018 ESC/ESHGuidelines for themanagement of arterial 

hypertension’, Journal of Hypertension. Lippincott Williams and Wilkins, pp. 1956–2041. 

doi: 10.1097/HJH.0000000000001940. 

 

Williams, C. et al. (2005) ‘Folic acid supplementation for 3 wk reduces pulse pressure and 

large artery stiffness independent of MTHFR genotype’, American Journal of Clinical 

Nutrition, 82(1), pp. 26–31. doi: 10.1093/ajcn/82.1.26. 

 

Wilson, C. P. et al. (2010) ‘The MTHFR C677T polymorphism, B-vitamins and blood 

pressure’, in Proceedings of the Nutrition Society, pp. 156–165. doi: 

10.1017/S0029665109991728. 

 

Wilson, C. P. et al. (2012) ‘Riboflavin offers a targeted strategy for managing hypertension 

in patients with the MTHFR 677TT genotype: A 4-y follow-up’, American Journal of 

Clinical Nutrition, 95(3), pp. 766–772. doi: 10.3945/ajcn.111.026245. 

 

Wilson, C. P. et al. (2013) ‘Blood pressure in treated hypertensive individuals with the 

MTHFR 677TT genotype is responsive to intervention with riboflavin: Findings of a 

targeted randomized trial’, Hypertension, 61(6), pp. 1302–1308. doi: 

10.1161/HYPERTENSIONAHA.111.01047. 

 

Woodside, J. V. et al. (2004) ‘Total homocysteine is not a determinant of arterial pulse wave 

velocity in young healthy adults’, Atherosclerosis, 177(2), pp. 337–344. doi: 

10.1016/j.atherosclerosis.2004.07.001. 

 

Wright, J. T. et al. (2015) ‘A randomized trial of intensive versus standard blood-pressure 

control’, New England Journal of Medicine. Massachussetts Medical Society, 373(22), pp. 

2103–2116. doi: 10.1056/NEJMoa1511939. 

42



Yamada, K. et al. (2001) ‘Effects of common polymorphisms on the properties of 

recombinant human methylenetetrahydrofolate reductase’, Proceedings of the National 

Academy of Sciences of the United States of America, 98(26), pp. 14853–14858. doi: 

10.1073/pnas.261469998. 

 

Yang, X. et al. (2018) ‘The modifying effect of the MTHFR genotype on the association 

between folic acid supplementation and pulse wave velocity: Findings from the CSPPT’, 

Cardiovascular Therapeutics. Blackwell Publishing Ltd, 36(6). doi: 10.1111/1755-

5922.12473. 

 

Yano, Y. et al. (2020) ‘Association of Blood Pressure Patterns in Young Adulthood with 

Cardiovascular Disease and Mortality in Middle Age’, JAMA Cardiology. American 

Medical Association. doi: 10.1001/jamacardio.2019.5682. 

 

Yi, X. et al. (2014) ‘Efficacy of folic acid supplementation on endothelial function and 

plasma homocysteine concentration in coronary artery disease: A meta-analysis of 

randomized controlled trials’, Experimental and Therapeutic Medicine. Spandidos 

Publications, 7(5), pp. 1100–1110. doi: 10.3892/etm.2014.1553. 

 

Yuyun, M. F., Ng, L. L. and Ng, G. A. (2018) ‘Endothelial dysfunction, endothelial nitric 

oxide bioavailability, tetrahydrobiopterin, and 5-methyltetrahydrofolate in cardiovascular 

disease. Where are we with therapy?’, Microvascular Research. Academic Press Inc., pp. 7–

12. doi: 10.1016/j.mvr.2018.03.012. 

 

Zhou, B. et al. (2019) ‘Long-term and recent trends in hypertension awareness, treatment, 

and control in 12 high-income countries: an analysis of 123 nationally representative 

surveys’, The Lancet. Elsevier BV, 394(10199), pp. 639–651. doi: 10.1016/s0140-

6736(19)31145-6. 

 

Zoungas, S. et al. (2006) ‘Cardiovascular Morbidity and Mortality in the Atherosclerosis 

and Folic Acid Supplementation Trial (ASFAST) in Chronic Renal Failure A Multicenter, 

Randomized, Controlled Trial’. doi: 10.1016/j.jacc.2005.10.064. 

 

 

 

 

43



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dihydrofolate 

Folic acid 

Tetrahydrofolate 
(THF) 

5,10 methylene-THF 

serine 

glycine 

Vitamin B6 

FAD (Riboflavin) 

Methionine 

PPi+ Pi 

ATP 

5 methyl-THF 

Choline 

Dimethylglycine 

Betaine 

S-adenosylhomocysteine 

S-adenosylmethionine 

Acceptor 

Acceptor – CH3 

Glycine 

Sarcosine 
Cystathionine 

Cysteine γ-Glu-cysteine 

Glutathione 

serine 

H
2
0 

Vitamin B6 

Homocysteine 

Vitamin B6 

10 formyl-THF 

Formate 

5,10 methenyl-THF 

Vitamin B12 MTHFR 

SHMT 

DHFR 

DHFR 

MTHFD 

MTHFD 

MTHFD 

BHMT 

CβS 

CTH 

MS 

TS 

MTs SAHH 

MAT 

Nutrient 

Co-Enzyme 

 Metabolite 

Enzyme 

Key 

GNMT 

dTMP 

dUMP 

44



 

Figure 1 Overview of one-carbon metabolism.  

Abbreviations: BHMT, betaine-homocysteine methyltransferase; CβS, cystathionine-β-

synthase; CTH, cystathionine γ-lyase; DHFR, dihydrofolate reductase; dTMP, deoxythymidine 

monophosphate; dUMP, deoxyuridine monophosphate; FAD, flavin adenine dinucleotide; 

GNMT, glycine N-methyltransferase; MAT, methionine adenosyltransferase; MS, methionine 

synthase; MT, methyltransferases; MTHFR, methylenetetrahydrofolate reductase; MTHFD, 

methylenetetrahydrofolate dehydrogenase; SAHH, S-adenosyl homocysteine hydrolase; 

SHMT, serine hydroxymethyltransferase; TS, thymidylate synthase. Adapted from James et al. 

(James et al., 2018).  
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Table 1 

Methods of non-invasively assessing endothelial function and arterial stiffness  

 Equipment Methodology  Reference ranges  Considerations 

Endothelial function 

Flow mediated 

dilation (FMD) 

Ultrasound and 

stereotactic probe 

holder  

Assess reactive hyperaemia 

through slowing of PWV in 

healthy arteries. Can be used 

independently or response to 

glycerol trinitrate (GTN) 

Yet to be established 

(Thijssen et al., 

2019) 

Specialised equipment and considerable 

expertise required 

Flow mediated 

slowing (FMS) 

Endo FMS 

(Vicorder, 

Skidmore Medical) 

 More accessible than ultrasound with 

respect to cost, operator training and 

portability.  

 

Arterial stiffness 

Carotid intima 

media thickness 

(cIMT) 

Ultrasound Echography to visualise the 

borders of the lumen-intima 

and the media-adventitia  

Healthy population: 

Males, 583±131µm; 

Females, 561±123µm 

(Lorenz et al., 2018) 

Specialised equipment and considerable 

expertise required 

Pulse wave 

velocity (PWV) 

Applanation 

tonometry or cuff-

based oscillometry 

Speed of the pulse pressure 

wave propagating along the 

arterial tree 

Aged 30-70 years; 

PWV  6.4-10.3 m/s 

(The Reference 

More accessible in clinical care, portable, 

some operator experience required 
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Pulse wave 

analysis (PWA) 

Applanation 

tonometry or cuff-

based oscillometry 

Examines pulse pressure 

waveform to determine 

elasticity 

Values for Arterial 

Stiffness 

Collaboration, 2010) 

Brachial BP 

Office BP Electronic BP 

monitor 

Cuff-based oscillometry UK hypertension 

diagnosis threshold; 

140/90 mmHg 

Available in routine care, minimal 

training required 

Ambulatory 24hr 

BP monitoring 

(ABPM) 

Electronic BP 

monitor 

Cuff-based oscillometry. BP 

variability which reflects 

arterial stiffness 

Hypertension 

diagnosis threshold; 

135/85mmHg 

Home BP 

monitoring 

(HBPM) 

Electronic BP 

monitor 

Cuff-based oscillometry Hypertension 

diagnosis threshold; 

135/85mmHg 

ABPM, ambulatory 24 hour blood pressure monitoring; BP, blood pressure; cIMT, carotid intima media thickness; FMD, flow mediated 

dilation; FMS, flow mediated slowing; GTN, glycerol trinitrate; HBPM, home blood pressure monitoring; mmHg, millimetres of mercury; 

PWA, pulse wave  analysis; PWV, pulse wave velocity. 
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Table 2  

Summary of intervention trials investigating the effect of folic acid and related B vitamins on markers of vascular health 

Author, year Population Design n Dose Duration Marker  Main findings 

Maruyama et 

al., 2019 

Metabolic syndrome, 

aged 40-65 years 

Crossover 

RCT 

127 Multi-vitamin drink  2 months FMD No effect on FMD 

Bleie et al., 

2011 

Stable CAD patients  RCT 40 800µg FA, 400µg B12, 

40mg B6; placebo 

2 years FMD   No effect on FMD 

Kwok et al., 

2012 

Vegetarians Crossover 

RCT 

50 500µg B12; placebo  12 weeks FMD, 

cIMT 

Improved FMD and cIMT 

Talari et al., 

2016 

Type 2 diabetes and 

CHD, 40-85 years 

RCT 60 5mg FA; placebo                cIMT Reduction in cIMT 

Durga et al., 

2011 

Free living adults,  

50-70 years 

RCT 819 800µg FA; placebo  3 years cIMT No effect of FA on cIMT 

Hodis et al., 

2009 

Healthy adults,  

40-89 years 

RCT 506 5mg FA, 0.4mg  B12, 

50mg B6; placebo 

3.1 years cIMT Slower cIMT progression, 

if baseline homocysteine 

≥9.1μmol/L 

van Dijk et al., 

2015 

Hyperhomocysteinemia, 

aged ≥65 years 

RCT 2,919 400 μg FA + 500μg B12; 

placebo 

2 years cIMT 

PWV 

No effect on PWV or 

cIMT 

Vijayakumar et 

al., 2017  

Postmenopausal diabetic 

women 

Not 

randomised  

25 800µg FA  8 weeks baPWV No effect of FA on PWV 

Park et al., 2015 Hypertensive CKD 

patients 

RCT 36 1mg FA + 400mg 6R-

BH4 or placebo  

12 weeks PWV 

AIx 

No effect on PWV, 

Improved AIx 

Khandanpour et 

al., 2009  

PAD patients RCT 133 400μg FA; 400μg 5-

MTHF; placebo 

16 weeks baPWV Significant decrease in 

response to 5-MTHF 

Zoungas et al., 

2006  

Stage 4 and 5 CKD 

patients 

RCT 315 15mg FA; placebo 1 year 

 

PWV No effect of FA on PWV 
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5-MTHF, 5-methylenetetrahydrofolate; AIx, augmentation index; baPWV, brachial ankle pulse wave velocity; BH4, tetrahydrobiopterin; cIMT, carotid-

intima media thickness; CKD, chronic kidney disease; FA, folic acid; FMD, flow mediated dilation; PAD, peripheral artery disease; PWV, pulse wave 

velocity; RCT, randomised controlled trial.  

 

 

 

 

 

 

 

 

 

Yang et al., 

2018 

Hypertensive RCT 2,529 Enalapril + 800μg FA; 

Enalapril 

5 years baPWV Folate response correlated 

with baPWV change 

Koyama et al., 

2010 

Haemodialysis patients RCT 40 15mg FA + 500µg B12,  

15mg FA 

3 weeks AIx B12 decreased AIx 
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Table 3 

Summary of evidence investigating markers of vascular health in adults stratified by 

MTHFR C677T genotype. 

Author, year Population    n n TT Main findings 

Observational evidence  

Woodside et 

al., 2004 

Healthy adults, 

20-25 years 

489 57 Homocysteine and MTHFR genotype do not 

influence PWV in healthy young adults 

Koo, Lee and 

Hong, 2008 

 

Adolescents,    

16-17 years 

43 

 

7 Greater cIMT in TT genotype group.  

No genotype effect on PWV 

Collings et 

al., 2008 

Young adults,  

24-39 years  

1,140 78 MTHFR genotype does not affect FMD or  

cIMT. Only 5.4% of cohort carry TT genotype 

van Dijk et 

al., 2015 

 

Hyperhomocyste-

inemic, ≥65 years  
508 77 PWV did not differ between genotype groups 

 

Evidence from RCT’s  

Folic acid intervention  

Pullin et al., 

2001 

 

Healthy, 

18-65 years 

126 42 No genotype effect in FMD response to  

placebo, 400µg dietary or 400µg  

supplemental FA (4 months) 

Williams et 

al., 2005 

 

Healthy, ABPM 

≤145/90 mmHg 

41 5 No effect in PWV in response to 5mg FA vs 

placebo (3 weeks) 

Cabo et al., 

2015 

 

Healthy adults  101 27 800µg FA increase serum nitrate (NO3) in  

The  CT/TT compared to CC genotype  

(2 weeks) PWV not considered 

Yang et al., 

2018 

 

Hypertensive 

patients 

2,529 

 

644 baPWV responded to enalapril and 800µg  

FA (5 years) in all genotypes, effect greatest 

in CC group 

Riboflavin intervention     

Horigan et 

al., 2010 

 

Premature CVD 

patients  

197 60 Systolic BP ↓13.3 mmHg diastolic BP ↓7.5 

mmHg, in TT genotype group only, in  

response to 1.6mg riboflavin (16 weeks).  

Wilson et al., 

2012 

 

Premature CVD 

patients, TT only 

31 31 1.6mg riboflavin reduced systolic BP ↓9.2  

mmHg and diastolic BP ↓6.0 mmHg 

(16 weeks) 

Wilson et al., 

2013 

Hypertensive with 

TT genotype 

91 91 Systolic BP ↓5.6 mmHg in response to  

1.6mg riboflavin (16 weeks). 
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Impact of the MTHFR C677T polymorphism on blood pressure and related central 

haemodynamic parameters in healthy adults 

 

What is known 

A phenotype of elevated BP in hypertensive adults and CVD patients with the MTHFR 

677TT genotype has been widely reported, however, has not been investigated to any great 

extent in the population generally, to date. Furthermore, studies investigating this 

phenotype have focused on brachial BP as a marker of vascular health and have not 

considered central BP and central haemodynamics.  

 

Hypothesis 

It is hypothesised that healthy, young adults with the MTHFR 677TT genotype will have 

elevated brachial BP, central BP and central haemodynamics compared to non-TT 

controls. 
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Abstract 

Background: The C677T polymorphism in the methylenetetrahydrofolate reductase 

(MTHFR) gene is associated with a 24-87% increased risk of hypertension. Previous work 

at this Centre has shown that intervention with riboflavin (the MTHFR cofactor) can 

modulate blood pressure (BP) in hypertensive adults with the variant MTHFR 677TT 

genotype. No previous study has considered the effect of this common genetic variant on 

BP or related markers of vascular health in generally healthy adults. 

Aim: To investigate the impact of MTHFR genotype on brachial BP, central pressure and 

related haemodynamic parameters in apparently healthy adults aged up to 65 years and to 

consider any sex differences in the phenotype owing to this polymorphism. 

Methods: Healthy individuals aged 18-65 years were recruited from workplaces and the 

local community across Northern Ireland and screened for MTHFR genotype. In those 

willing to participate in the study, brachial BP was assessed using an electronic BP monitor 

and central BP and related haemodynamic parameters, including pulse wave velocity 

(PWV), were measured by SphygmoCor® XCEL. Riboflavin status was assessed using 

the functional biomarker erythrocyte glutathione reductase activation coefficient (EGRac).  

Results: Of a total sample of 2,546 adults screened for the polymorphism, 498 participated 

in the current study. The MTHFR 677TT genotype was found to be an independent 

determinant of hypertension (P=0.011) along with age (P<0.001), male sex (P=0.001), 

BMI (P= 0.005) and low riboflavin status (P=0.002). In adults from 18-65 years, brachial 

systolic BP was higher by over 5 mmHg in the TT compared to the non-TT (i.e. CC/CT) 

genotype (P<0.001). A stronger phenotypic effect was observed in females, with an almost 

10 mmHg difference in mean systolic BP in females the TT compared to CC/CT genotype: 

134.9 (95% CI 132.1-137.6) vs 125.2 (95% CI 122.3-128.0) mmHg; P<0.001. In addition, 

PWV was faster in the TT genotype group, reaching statistical significance in females only 

(P=0.043). In males, both augmentation pressure and augmentation index (AIx) were 

significantly higher in the TT group, relative to the non-TT group by 1.2 ± 0.6 mmHg 

(P=0.034) and 2.3 ± 1.2 % (P=0.049), respectively. No statistical differences were 

observed for other parameters.  

Conclusion: This is the first study to show that brachial and central BP are significantly 

higher in healthy adults with the MTHFR 677TT genotype, and that the BP phenotype is 

more pronounced in females. These findings show that vascular health is adversely 

associated with this common polymorphism. A randomised trial is however required to 
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investigate the responsiveness of BP and related central haemodynamic parameters to 

intervention with relevant B vitamins in younger adults with this genetic variant.  
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Introduction 

Hypertension is well-established as a primary risk factor for cardiovascular disease (CVD) 

and a leading cause of premature mortality globally. Despite a trend towards improved 

blood pressure (BP) control in high-income countries, control rates remain at 37% in the 

UK compared to greater than 50% in the USA and Canada, suggesting that other factors 

are at play which are not being currently targeted (Zhou et al., 2019). Genome-wide 

association studies (GWAS) have identified a number of genetic loci associated with 

hypertension, including a locus close to the gene encoding the folate metabolising enzyme, 

methylenetetrahydrofolate reductase (MTHFR) (Newton-Cheh et al., 2009; Flister et al., 

2013). Strong epidemiological evidence has also reported that the common C677T 

polymorphism in this gene is associated with a 24-87% increased risk of hypertension and 

up to 40% increased risk for CVD (McNulty et al., 2017). Evidence from our Centre 

indicates that this association is modulated by the MTHFR cofactor, riboflavin, at least in 

premature CVD patients and in hypertensive adults without overt CVD (Horigan et al., 

2010; Wilson et al., 2012, 2013). The influence of other factors such as age and sex on this 

phenotype is unknown but is relevant given that the TT genotype affects 2-32% of 

populations worldwide (Wilcken et al., 2003) and 12% of the Irish and UK population 

(McNulty et al., 2017). The role of this genotype in BP in non-clinical cohorts also 

warrants investigation.  

To date, the evidence linking this polymorphism with BP is based mainly on brachial BP 

as the primary outcome. Central pressure and haemodynamic parameters are additional 

and potentially superior prognostic markers for CVD risk compared to clinic BP, as 

surrogate markers of large-artery stiffness (Vlachopoulos et al., 2010; Vlachopoulos, 

Aznaouridis and Stefanadis, 2010; Ben-Shlomo et al., 2014). Central haemodynamic 

parameters can be non-invasively, reliably assessed and have been widely reported  in 

clinical studies; their use however in nutrition research is limited. The influence of the 

MTHFR genotype on these parameters has been confined to a small number of studies in 

specific cohorts with limited data reported (Woodside et al., 2004; van Dijk et al., 2014; 

Yang et al., 2018). Thus, a comprehensive profile of non-invasively assessed central 

haemodynamic parameters in healthy adults stratified by MTHFR genotype remains to be 

investigated.  

Male sex is a well-established risk factor for both hypertension and CVD.  Hypertension 

related mortality is however reported to be higher in females compared to males across all 

age groups (Mozaffarian et al., 2016) and recent reports of steeper BP trajectories in 
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females from the age of 30 years and persisting throughout the life course may be 

influencing this association (Ji et al., 2020). Furthermore, cardiovascular physiology 

appears to be influenced by sex with male-female differences in response to hypertension 

treatment reported (Wenger et al., 2018). There is some evidence to suggest that the 

influence of genetic variance on BP may differ between males and females, with reports 

that genes are differentially expressed or contribute differently to diseases in males versus 

females (Rana et al., 2007). Whilst the MTHFR 677TT genotype is linked with increased 

risk of hypertension and CVD in populations overall (McNulty et al., 2017), the effect of 

sex on the role of the polymorphism in BP has been largely overlooked.  

The aim of this observational study therefore is to investigate BP and related central 

haemodynamic parameters in healthy adults aged 18-65 years stratified by MTHFR C677T 

genotype and sex.  
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Methods 

Study design and participants 

This study consisted of an observational investigation of brachial, or office, BP, central 

pressure, pulse wave analysis (PWA) and pulse wave velocity (PWV) in healthy adults 

stratified by MTHFR C677T genotype. Apparently healthy adults aged 18 years and older 

were recruited from workplaces and the wider community across Northern Ireland as part 

of the Riboflavin And Folic Acid study (RAFA). Ethical approval was granted by the 

Ulster University Research and Ethics Committee (UREC/11/0081) and all participants 

provided written, informed consent.  DNA from 2,546 participants was collected using 

buccal swabs and screened for the MTHFR C677T genotype as determined by restriction 

enzyme typing Hinf1 digestion at LGC Genomics (Hoddesdon, United Kingdom). The 

study design is displayed in Figure 1.  

Blood pressure measurements  

Brachial BP was assessed using an Omron 705IT BP monitor and appropriately sized cuff 

(Cardiac Services, Belfast, UK). A fully trained researcher conducted the measurement in 

line with a standard operating procedures and in accordance with NICE Guidelines for 

Hypertension in the UK (NICE, 2019). Briefly, after 10 minutes at rest, with the participant 

seated and the arm resting on a table, the reference arm was identified (the arm with the 

highest BP) and two BP readings taken 5 minutes apart were used to determine mean BP. 

If a difference of >5 mmHg was observed, subsequent readings to a maximum of 6, were 

taken. Pulse pressure (PP) was calculated as systolic BP minus diastolic BP (mmHg) and 

mean arterial pressure (MAP) as 1/3 systolic BP plus 2/3 diastolic BP (mmHg).  

Pulse wave analysis and pulse wave velocity 

PWA and PWV were assessed non-invasively with the SphygmoCor XCEL device (AtCor 

Medical, Sydney, Australia) with the participant in the supine position on a flat 

examination couch after 5-10 minutes at rest. Speaking was avoided during the 

measurements and participants were asked to abstain from caffeine, smoking, exercise and 

alcohol for 4 hours prior to the assessment. The same researcher conducted all 

measurements.  

The central pressure waveform was derived from cuff pulsations recorded at the brachial 

artery. A brachial cuff was initially inflated to measure brachial systolic and diastolic BP 

and re-inflated to a sub-diastolic pressure to acquire a volumetric displacement signal 

which automatically captured the PWA waveform for 5 seconds. A generalised transfer 
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function, built in the manufacturer’s software, calculated the aortic waveform. 

Augmentation pressure was calculated as the difference between the early and late systolic 

peaks of the estimated central pressure waveform. Augmentation index (AIx), normalised 

to a heart rate of 75 bpm by the internal software, was calculated as the augmentation 

pressure as a percentage of central PP. PP amplification was determined as the difference 

between central PP and brachial PP and PP ratio was the brachial PP divided by the central 

PP.  

Carotid-femoral PWV (cfPWV) was obtained by simultaneous acquisition of the carotid 

pulse by applanation tonometry (high-fidelity transducer; Millar Instruments) and the 

femoral pulse by volumetric displacement within a cuff placed around the upper thigh. 

PWV was calculated as the distance travelled over the time taken. Distance between the 

recording sites, in millimetres, was calculated using the subtraction method, i.e. the 

distance between suprasternal notch to the carotid pulse palpation point subtracted from 

the distance between the suprasternal notch and the proximal edge of the femoral cuff, 

using a non-stretch measuring tape. Transit time was determined using the ‘foot-to-foot’ 

method. Calibration was performed with the systolic and diastolic BP obtained by the 

brachial cuff in PWA.  

Questionnaire and anthropometric measurements 

Details of the participant’s health, including medications and family history of CVD was 

obtained. Dietary information on habitual intake of specified foods (sources of B vitamins 

including milk and fortified breakfast cereals) was collected using a researcher-assisted 

food frequency questionnaire (FFQ), previously validated for B vitamin intake against B 

vitamin biomarkers (Hoey et al., 2007). Participants also had their weight (kg; SECA 770 

scales), height (m) and waist circumference (cm) measured. 

Blood Sampling and Laboratory Analysis  

A 25ml non-fasting blood sample was collected from participants during the appointment 

by a trained phlebotomist into four separate blood collection tubes: 9ml and 4ml EDTA 

vacutainers and 8ml and 4ml serum vacutainers. All blood tubes were placed on ice packs, 

processed within four hours and stored at -80 for batch analysis at the end of the study. 

Riboflavin status was determined at Ulster University by erythrocyte glutathione reductase 

activation coefficient (EGRac) assay. Oxidised glutathione (GSSG) is added and converted 

to reduced glutathione (GSH) using NADPH as the reducing agent. This conversion is 

catalysed by glutathione reductase and mediated by FAD with the rate of absorbance 
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measurable at a wavelength of 340nm. EGRac is calculated by comparing the rate of 

absorbance change with added FAD compared to the rate of absorbance change without 

added FAD, with a ratio <1.26 indicating optimal riboflavin status, 1.26-1.4 for suboptimal 

and >1.4 signifying deficiency. Analysis was conducted on a Daytona+ clinical chemistry 

analyser (Randox Laboratories Ltd. Northern Ireland). Quality controls were provided by 

the repeated analysis of pooled samples covering a wide range of values. The inter-assay 

variation was 2% for the high riboflavin QC and 3% for the low riboflavin QC.  

Power Calculation   

An estimation of sample size was based on observational differences in mean value and 

variability of 24-hour ambulatory BP between MTHFR genotype groups, from research 

previously conducted at this Centre (McMahon et al., unpublished). A sample size of 245 

per genotype group was estimated with a power of 80% and α of 0.05 using G* Power 

(Faul et al., 2009). The study is not powered for sub-group analysis.  

Statistical analysis  

All statistical analysis was performed using SPSS Statistical Package for Social Sciences 

(version 25.0; SPSS, UK Ltd). Variables were tested for normality prior to analysis and 

log transformed where appropriate. Differences between general characteristics were 

analysed using one-way ANOVA. For outcome measures, differences between groups of 

continuous data were analysed by ANCOVA, controlling for age, sex, BMI, use of anti-

hypertensive medications and consumption of fortified breakfast cereals. Differences 

between categorical groups were analysed by χ2 analysis. Logistic regression analysis was 

performed to examine the association of MTHFR genotype with the risk of hypertension 

after adjustment for established risk-factors. P<0.05 was considered statistically 

significant. 
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Results 

General characteristics  

The study was advertised to an estimated 11,000 free-living individuals from workplaces 

and the local community across Northern Ireland, from which 2,546 individuals were 

recruited to provide a buccal swab to screen for the polymorphism. Genotyping yielded a 

prevalence of 44.3% for the CC genotype, 43.4% for the CT genotype and 12.2% for the 

TT genotype. No result was returned for 30 buccal swabs. Of the TT genotype group, 242 

agreed to participate in this observational study and were age-matched with 134 CC and 

122 CT genotype adults, yielding a total available sample of 498 volunteers (Figure 1). 

The general characteristics by MTHFR genotype are shown in Table 1. Participants had a 

mean age of 45.6 years with a mean BMI in the overweight category, 22.7% were in the 

normal weight category, 43% in the overweight category and 34.3% classed as obese. 

Waist circumference was similar across the genotype groups, 90.3 ± 13.9 cm for CC, 90.6 

± 13.2 cm for CT and 89.5 ± 15.6 cm for TT (P=0.761, data not shown). Those with the 

TT genotype were more likely to be classed as hypertensive, as diagnosed by a BP of 

≥140/90 mmHg. A detailed breakdown of anti-hypertensive drug use and drug 

combinations by genotype group is shown (Table 2). Despite similar rates of anti-

hypertensive medication use across the genotype groups, the TT genotype group were less 

likely to achieve BP control, although this did not reach statistical significance.  Riboflavin 

status, determined by EGRac, was similar across the groups. Overall 48.0% of the cohort 

was classed as optimal, 22.2% as sub-optimal and 29.8% were deficient. There were no 

other significant differences in general characteristics between genotype groups.  

BP and central haemodynamic parameters 

Brachial systolic and diastolic BP were significantly higher in the TT compared to non-TT 

genotype group by 5.5 ± 1.2 mmHg (P<0.001) and 2.5 ± 0.8 mmHg (P=0.009), respectively 

(Table 3). In addition, both brachial MAP and pulse pressure were significantly higher in 

the TT relative to non-TT genotype group, by 3.5 ± 0.9 mmHg (P<0.001) and 3.0 ± 0.9 

mmHg (P=0.007), respectively. This pattern of elevated brachial pressure in the TT 

genotype group was evident across the age range of the study (18-65 years), as displayed 

in Figure 2. Similar patterns of elevated pressure in the TT compared to non-TT group 

were observed for central systolic BP (3.3 ± 1.0, P=0.003) central diastolic BP (2.0 ± 0.8 

mmHg, P=0.037), MAP (2.5 ± 0.9 mmHg, P=0.012) and pulse pressure (1.4 ± 0.6 mmHg, 

P=0.045; Table 3). No genotype effect was evident on measures of PWA or PWV in the 

cohort as a whole (n 498).  For PWV, it was not possible to obtain a measurement of 
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adequate quality in 11 subjects owing to attenuation of the pulse signal by subcutaneous 

fat or difficulty in accessing the position of the artery. 

Determinants of hypertension and BP 

Among the study cohort, the TT genotype was associated with an increased risk of 

hypertension (odds ratio; (OR),1.68, 95% CI 1.13-2.52, P=0.011), after adjustment for 

significant predictors, namely age (OR 1.04, 95% CI 1.02-1.07, P<0.001), male sex (OR 

2.08, 95% CI 1.35-3.19, P=0.001), BMI (OR 1.06, 95% CI 1.02-1.10, P=0.005) and anti-

hypertensive drug use (OR 1.07 95% CI 0.61-1.88, P=0.812; Table 4). Sub-optimal 

riboflavin status, as indicated by EGRac 1.26, was also associated with hypertension risk 

in the same model, OR 1.98, 95% CI 1.23-3.06, P=0.002, independent of genotype. 

Regression analysis revealed the genotype effect on hypertension was stronger in females 

with an OR of 2.60, 95% CI 1.26-5.37, P=0.010, whereas riboflavin was a stronger 

determinant in males, OR 1.95, 95% CI 1.16-3.30, P=0.012, (Table 4). 

Effect of sex on BP and central haemodynamic parameters 

When stratified by sex, the effect of the TT genotype on brachial BP was still evident in 

both sexes (Table 5). In males, both systolic and diastolic BP were higher in the TT 

compared to non-TT group, by 3.5 ± 1.6 mmHg (P=0.026) and 1.7 ± 1.1 mmHg (P=0.146), 

respectively. The phenotype was more evident in females with the TT genotype, with 

systolic BP 9.7 ± 2.0 mmHg higher (P<0.001) and diastolic BP 3.4 ± 1.2 mmHg (P=0.005) 

higher than non-TT females. Females with the TT genotype were twice as likely to be 

classed as hypertensive (having a BP ≥140/90 mmHg), compared to non-TT females (18% 

vs 37%, P=0.006, data not shown), with no genotype effect observed in males. For central 

pressure, the genotype effect was again stronger in females, with central systolic BP 5.5 ± 

1.7 mmHg (P=0.002) and central diastolic BP 3.7 ± 1.3 mmHg (P=0.004) higher in the TT 

relative to non-TT females whereas the genotype effect is reduced in the male group.   

When stratified by sex, a genotype effect was observed on some, but not all, PWA 

measures. Both augmentation pressure and AIx were significantly higher in the male TT 

group, compared to the male non-TT group by 1.2 ± 0.6 mmHg (P=0.034) and 2.3 ± 1.2 

% (P=0.049), respectively. PWV was significantly faster in females with the TT relative 

to non-TT genotype by 0.36 ± 0.16 m/s (P=0.043).  
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Discussion 

The current study investigated the influence of the MTHFR C677T polymorphism on BP 

and related central haemodynamic parameters in apparently healthy male and female 

adults, aged 18-65 years.  Consistent with previously published studies from this Centre in 

hypertensive adults, elevated brachial BP was observed in individuals with the variant TT 

genotype in MTHFR compared to those with CC or CT genotypes. The current results 

showed, for the first time, that central BP was higher in the TT genotype group. 

Furthermore, this observational analysis indicated that the BP phenotype (brachial and 

central BP) was more pronounced in females compared to males with the variant MTHFR 

677TT genotype. 

In the present study, we report, for the first time, significantly higher brachial systolic and 

diastolic pressure in younger adults aged 18-65 years with the C677T polymorphism in 

MTHFR. The 4-6 mmHg higher systolic BP observed is clinically meaningful and such 

differences in BP are estimated to be associated with an increased risk of CVD-related 

death by 40% or more based on findings from the Prospective Studies Collaboration 

(2002). The phenotype of elevated BP in TT adults persists from early adulthood and 

places these individuals at an increased risk of hypertension and related complications 

from a younger age and throughout life. Given the role of riboflavin in modulating BP in 

those with the C677T polymorphism in MTHFR, adults could be screened in order to 

identify those who would benefit from targeted prevention and treatment options at an 

individual level. The only other study, to the best of our knowledge, that considered the 

interaction between the genotype and BP in younger adults, investigated healthy Japanese 

males aged 40-59 years. In that study, elevated BP in the those with the C677T variant in 

MTHFR was reported; however, only 14 of the 129 participants carried the TT genotype 

thus the findings were limited by the small sample size (Nishio et al., 1996).  Furthermore, 

as far as we are aware, this is the first study to report central pressure in healthy, young 

adults stratified by MTHFR C677T genotype. Using a range of measures in the current 

study, central pressure (systolic, diastolic, MAP and pulse pressure) was found to be higher 

in the TT compared to non-TT group. Previous meta-analysis, albeit only based on only 3 

studies in healthy, older participants, has linked a 10 mmHg increase in central systolic BP 

with 8.8% increased risk of total cardiovascular event (Vlachopoulos et al., 2010). The 

Strong Heart Study was included in the aforementioned meta-analysis and investigated 

2,403 participants free of overt CVD at enrolment. It reported that central systolic BP was 

6 mmHg higher at baseline in the 319 participants who experienced a cardiovascular event 
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during a 5 year period of follow-up compared to those who remained CVD free (Roman et 

al., 2007). In the current study, a difference of 3 mmHg was observed in adults 

homozygous for the C677T polymorphism in MTHFR, who compared participants studies 

in the Strong Heart Study were younger and had much lower rates of diabetes and smoking. 

Thus, this modest, yet significant effect may indicate increased CVD risk in younger, 

healthy adults with the MTHFR C677T polymorphism.  

Meta-analyses have shown PWV to predict future cardiovascular events and mortality, 

even after accounting for other established cardiovascular risk factors, an effect which is 

reported to be stronger below the age of 60 years (Vlachopoulos, Aznaouridis and 

Stefanadis, 2010; Ben-Shlomo et al., 2014). In the current study, the PWV values observed 

in the cohort as a whole are very much in agreement with the reference values from the 

Arterial Stiffness’ Collaboration (2010), where the 40-49 year old age group with normal 

and high-normal BP had a PWV of 7.5-7.9 m/s.  PWV in the total sample did not differ 

between the MTHFR groups investigated in the current analysis, which is contrary to what 

we had hypothesised; however, is consistent with results from three earlier published 

studies that reported values in young, healthy adults (Woodside et al., 2004; Collings et 

al., 2008) and older adults with elevated CVD risk (van Dijk et al., 2014). The current 

study; however, is the first to report significantly faster PWV in females with the TT 

compared to non-TT genotype, who also had elevated BP indices. A positive association 

between BP and PWV has previously been reported, which supports this association in 

females (Hu et al., 2019). Since PWV is strongly related to future cardiovascular events 

and mortality (Vlachopoulos, Aznaouridis and Stefanadis, 2010; Ben-Shlomo et al., 2014), 

the findings of the current study may indicate that females with the TT genotype are at 

increased risk of CVD. However, given that the current analysis is based on a relatively 

small sample size of 198 females, further investigations in much larger cohorts are required 

before firm conclusions can be drawn. The largest study conducted to date investigating 

PWV with respect to MTHFR  genotype is a sub-study of the China Stroke Primary 

Prevention Trial (CSPPT; Yang et al., 2018). The CSPPT was a randomised controlled 

trial investigating the effect of 0.8 mg folic acid plus enalapril vs enalapril alone in 

reducing occurrence of first stroke in hypertensive Chinese patients, stratified by MTHFR 

genotype (Huo et al., 2015). Similar to the findings of this study, a sub-study analysis in 

CSPPT of 2,529 participants reported no difference in PWV between the genotype groups 

at baseline; however, following the 5 year intervention period, folic acid was found to 

reduce PWV, an effect that was greatest in the CC genotype group (Yang et al., 2018). The 

authors concluded those with the TT genotype had a higher mechanistic requirement for 
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folic acid, however the CSPPT did not consider the MTHFR cofactor, riboflavin, which 

could potentially have influenced the response. Previous studies conducted at this Centre 

have examined the BP lowering effect of riboflavin but have not considered the effect on 

PWV to date. Further studies, therefore, are needed to address the effect of both riboflavin 

and folic acid in relation to PWV in adults with the TT genotype.   

Male sex is an important risk factor for both hypertension and CVD, however it is not 

widely appreciated that CVD related mortality rates are in fact higher in females compared 

to males (Mozaffarian et al., 2016; Wenger et al., 2018). While the study was not originally 

powered for sub-group analysis, the effect of sex on BP parameters in the present cohort 

was explored as this area is underrepresented in the literature and may provide guidance 

for sample sizes in future work. Sex was found to influence both brachial and central 

pressure, with the greatest phenotype for both measures observed in females. A marked 

difference in brachial systolic BP was found in TT compared to non-TT females. The 9.4 

mmHg higher systolic BP observed in the TT compared to non-TT females is estimated to 

be associated with an increased risk of CVD event by up to 50%, based on data reported 

by the Prospective Studies Collaboration (2002) which estimates a doubling in CVD risk 

for every 20 mmHg rise in systolic BP. Brachial and central systolic BP are invariably 

higher in males compared to females until 60 years of age (McEniery et al., 2005); 

however, in the current study, both brachial and central BP in the female TT group is 

similar to BP values reported for the TT and non-TT males. Previous studies have not 

considered the influence of MTHFR genotype and sex to any great extent. Although, not a 

primary outcome of the Cardiovascular Risk in Young Finns Study, the authors reported 

BP by genotype and sex in 1,400 young Finnish adults with no significant differences 

observed; however only 5.4% of the cohort carried the TT genotype and thus the study 

may have been underpowered to detect any differences (Collings et al., 2008).  

Randomised controlled trials conducted at this Centre have demonstrated that BP is highly 

responsive to supplementation with the MTHFR cofactor, riboflavin, specifically in adults 

with the C677T polymorphism in MTHFR. Significant reductions of 6-14 mmHg in 

systolic and 3-8 mmHg in diastolic BP have been demonstrated, indicating a novel, 

targeted, dietary treatment for BP in these genetically at-risk individuals (Horigan et al., 

2010; Wilson et al., 2012, 2013). In the current cohort, riboflavin was found to be an 

important modulating factor for BP in younger, healthy adults, with suboptimal riboflavin 

status almost doubling the risk of hypertension in regression analysis. Thus, the effect of 
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riboflavin intervention in younger, healthier adults with the TT genotype warrants 

consideration.  

The precise mechanism linking the common MTHFR C677T polymorphism with 

hypertension and the modulating effect of riboflavin on BP in these genetically at-risk 

individuals remains unexplained; however, it may be via an effect on the potent 

vasodilator, nitric oxide (NO) (McNulty et al., 2017, 2020).  Both the MTHFR genotype 

and 5-methyltetrahydrofolate (5-MTHF), which is generated by MTHFR, have previously 

been associated with NO bioavailability, specifically in biopsy samples of patients 

undergoing coronary artery bypass graft (CABG) surgery (Antoniades et al., 2009). In 

CABG patients, vascular tissue levels of 5-MTHF were shown to be lower in adults with 

the TT genotype (likely as a result of reduced MTHFR activity) which would subsequently 

affect NO bioavailability and BP. Although not considered in the current study, a non-

invasive assessment of endothelial function, such as flow mediated dilation, would provide 

valuable information to help further our understanding of this potential mechanism.  

 

Strengths and limitations 

This study has a number of strengths and limitations. This is the largest study of its kind 

to investigate the effect of the common MTHFR C677T polymorphism on brachial and 

central pressure. Recruitment was genotype driven and investigated a young, healthy 

cohort, whereas previous studies focused on clinical cohorts with established disease or 

increased risk of CVD. A large number of measures to assess vascular health in a non-

invasive manner were reported in the current study, and to the best of our knowledge this 

is the first time to report these measures stratified by MTHFR genotype and sex. The study 

used cfPWV, which is the gold standard non-invasive measurement for arterial stiffness 

and all vascular measures were conducted by the same researcher to minimise inter-

operator variability. While an effect of genotype on PWV was only evident in females, the 

inclusion of more robust measures of endothelial function such as flow mediated dilation 

would offer further insight into the relationship between the TT genotype and vascular 

function, in particular with respect to NO bioavailability. This study was not originally 

powered for sub-group analysis; therefore the findings require confirmation in a larger 

sample size. The lack of information on physical activity levels of the participants, to 

include as a confounder for the vascular measures, is also a limitation. In addition, further 

biomarker data in particular folate and other intermediates of the one-carbon pathway were 
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not available at this time and could provide further insight into the role of this gene-nutrient 

interaction in BP.  

 

Conclusion 

In conclusion, this is the first study to show that brachial and central BP are significantly 

higher in healthy adults with the variant MTHFR 677TT genotype, and that the BP 

phenotype and effect on PWV are more pronounced in females. Moreover, low biomarker 

status of riboflavin (the MTHFR co-factor) was found to be independently associated with 

hypertension. These findings (together with our previous studies in hypertensive patients) 

suggest that although vascular health is adversely affected by this common polymorphism, 

riboflavin may have a role in modulating the phenotype. Further work in the form of a 

randomised controlled trial is required to investigate the responsiveness of BP and related 

central haemodynamic parameters to intervention with relevant B vitamins in this genotype 

group.  
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Study advertised to >11,000 free-living individuals from workplaces and the 

local community across Northern Ireland  

Buccal swabs provided and sent to LGC Genomics for MTHFR genotyping                              

n 2,5461 

Those with TT genotype invited to participate in the RAFA study                    

and age-matched with CC/CT individuals 

Brachial BP, health and lifestyle information, anthropometry, blood sample, 

PWV and PWA obtained in TT and age-matched non-TT participants n 498 

 

CT
    

              

n 1,093 
TT                 

n 308 
CC                 

n 1,115 

CC                 

n 134 

CT                 

n 122 

TT2                 

n 242 

Figure 1 Flow chart of study population.  

1 30 swabs deemed unviable and no genotype result returned.  

2 Reasons for those identified with the TT genotype not attending appointment; 

uncontactable (n 40); declined to participate (n 26).  

BP, blood pressure; MTHFR, methylenetetrahydrofolate reductase; PWA, pulse 

wave analysis; PWV, pulse wave velocity; RAFA, Riboflavin And Folic Acid trial.  
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Figure 2 Brachial blood pressure profiles of study participants across quintiles of age, stratified by MTHFR genotype (n 498)  

Data presented as mean values.  

(a) systolic BP; (b) diastolic BP; (c) mean arterial pressure (MAP); (d) pulse pressure.  

MAP calculated as 1/3 systolic BP plus 2/3 diastolic BP. 

Pulse pressure calculated as systolic BP minus diastolic BP. 
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Table 1 

General characteristics of study population by MTHFR genotype (n 498) 

 Values are mean (SD), unless otherwise stated.  

1 P values refer to differences between genotype groups compared using one-way 

ANOVA. Chi square test used for comparison between categorical variables. P<0.05 

considered significant.  

2 Hypertension classified as BP ≥140/90 mmHg (NICE, 2019).  

3 Those taking anti-hypertensive medications and achieving BP <140/90 mmHg.  

BMI, body mass index; CVD, cardiovascular disease; EGRac, erythrocyte glutathione 

reductase activation coefficient (a marker of riboflavin status where lower EGRac values 

indicate better riboflavin status).  

  MTHFR genotype   

  CC 

(n 134) 

CT 

(n 122) 

TT 

(n 242) 
P value1 

Age (years) 45.6 (10.1) 46.3 (9.6) 45.3 (11.1) 0.497 

Male sex n (%) 81 (60) 81 (66) 138 (57) 0.226 

BMI (kg/m2) 29.0 (5.3) 28.8 (5.3) 29.1 (5.7) 0.950 

Diabetes mellitus n (%) 0 (0) 3 (3) 9 (4) 0.079 

Smoker n (%) 10 (8) 18 (15) 32 (13) 0.199 

Alcohol consumer n (%) 101 (75) 91 (75) 195 (81) 0.323 

Family history CVD 65 (49) 54 (44) 89 (37) 0.071 

Statin use n (%) 12 (9) 8 (7) 15 (6) 0.589 

     

Hypertension2 n (%) 45 (34) 31 (25) 97 (40) 0.020 

     Hypertension & drugs  56 (42) 46 (38) 113 (47) 0.245 

Taking BP drugs n (%) 18 (13) 23 (19) 35 (15) 0.431 

     Treated & controlled3   11 (61) 15 (65) 16 (46) 0.292 

     

Riboflavin status     

EGRac (biomarker) 1.33 (0.19) 1.33 (0.16) 1.36 (0.17) 0.107 

Optimal (<1.26) n (%) 67 (52) 59 (52) 103 (44)  

Suboptimal (1.26-1.4) n (%) 27 (21) 25 (22) 54 (23) 0.521 

Deficient (≥1.4) n (%) 34 (27) 31 (27) 77 (33)  
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Table 2 

Antihypertensive drugs taken by participants at time of sampling (n 76)  

  MTHFR genotype  

  CC 

(n 18) 

CT  

(n 23) 

TT  

(n 35) 

Drug combination      

1 BP medication 12 (67) 21 (91) 21 (60) 

2 BP medications 3 (17) 2 (9) 12 (34) 

3 BP medications  3 (17) 0 (0) 2 (6) 

Drug Class    

ACE inhibitor 9 (50) 10 (44) 22 (63) 

CCB 8 (44) 4 (17) 15 (43) 

ß blocker 4 (22) 4 (17) 3 (9) 

ARB 2 (11) 1 (4) 5 (14) 

Diuretic 2 (11) 0 (0) 3 (9) 

Values presented as n (%).  

ACE inhibitor, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor 

blockers; CCB, calcium channel blocker.  
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Table 3 

Blood pressure and central haemodynamic profile of study population by MTHFR genotype (n 498)  

 MTHFR genotype  

 CC 

(n 134) 

CT 

(n 122) 

TT 

(n 242) 
P value1 

Brachial pressure     

Systolic BP  131.3 (129.0,133.7)a 129.8 (127.3, 132.3)a 136.1 (134.4, 137.9)b <0.001 

Diastolic BP  80.0 (77.5, 81.8)ab 79.2 (77.5, 80.8)a 82.1 (80.9, 83.2)b 0.009 

MAP2  97.1 (95.5, 98.7)a 96.0 (94.3, 97.8)a 100.1 (98.9, 101.3)b <0.001 

Pulse pressure3 51.4 (49.6, 53.1)a 50.6 (48.8, 52.5)a 54.0 (52.7, 55.4)b 0.007 

Central pressure     

Systolic BP  118.6 (116.7, 120.5)ab 116.8 (114.8, 118.7)a 121.0 (119.6, 122.4)b 0.003 

Diastolic BP  78.4 (76.9, 79.9)ab 77.9 (76.3, 79.4)a 80.1 (79.0, 81.2)b 0.037 

MAP2  93.8 (92.1, 95.4)ab 92.8 (91.1, 94.5)a 95.8 (94.6, 97.0)b 0.012 

Pulse pressure3 39.6 (38.5, 40.8) 38.3 (37.1, 39.5) 40.4 (39.5, 41.2) 0.045 

Pulse Wave Analysis     

Augmentation pressure  9.1 (8.3, 9.9) 8.7 (7.8, 9.6) 9.6 (9.0, 10.3) 0.228 

Augmentation index (AIx, %) 22.6 (21.0, 24.3) 22.2 (20.4, 23.9) 23.2 (22.0, 24.5) 0.575 

PP amplification  14.8 (14.1, 15.4) 14.5 (13.9, 15.2) 14.7 (14.2, 15.2) 0.960 

PP ratio 1.38 (1.36, 1.40) 1.39 (1.37, 1.41) 1.38 (1.36, 1.39) 0.357 

Pulse Wave Velocity     

PWV (m/s)4 7.47 (7.27, 7.67) 7.44 (7.23, 7.65) 7.60 (7.45, 7.75) 0.431 
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Data presented as adjusted means (95% CI). All units given as mmHg, unless otherwise stated.  

1 One-way ANCOVA adjusting for age, sex, BMI, use of anti-hypertensive medications and fortified breakfast cereal consumption with Bonferroni 

post-hoc analysis. P<0.05 considered significant. Values within a row with different superscript letters (a, b) indicate significant differences between 

groups. 

2Mean arterial pressure (MAP) calculated as 1/3 systolic BP plus 2/3 diastolic BP. 

3Pulse pressure calculated as systolic BP minus diastolic BP. 

4For PWV; CC n 131, CT n 120, TT n 236.  

AIx, Augmentation index; Aug. pressure, augmentation pressure; BP, blood pressure; MAP, mean arterial pressure; PP, pulse pressure; PWV, pulse 

wave velocity. 
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Table 4 

Factors associated with risk of hypertension1 in study cohort as a whole, and stratified by sex  

CI, Confidence Interval 

1 Hypertension defined as systolic BP of ≥140 and/or a diastolic BP of ≥90mmHg. 

2 Data analysed by logistic regression. P<0.05 considered significant.  

3 Riboflavin biomarker status determined by the functional assay, erythrocyte glutathione reductase activation coefficient (EGRac). Participants were 

arbitrarily classed as having ‘lower’ or ‘higher’ riboflavin status using an EGRac value on 1.26 as a cut-point: lower riboflavin status (EGRac 1.26) 

was compared to higher riboflavin status (EGRac 1.26; reference category). 

4 Non-TT (CC; wild type, CT; heterozygous), TT (homozygous), genotypes for the 677C→T polymorphism in MTHFR; reference category is Non-TT 

genotype. 

 

 
Cohort as a whole (n 498)  Males (n 300)          Females (n 198) 

β OR 95% CI P2  β OR 95% CI P2  β OR 95% CI P2 

Age, years 0.042 1.04 1.02-1.07 <0.001  0.033 1.03 1.01-1.06 0.012  0.063 1.07 1.03-1.11 0.001 

Male sex  0.730 2.08 1.35-3.19 0.001           

Body mass index (kg/m2) 0.055 1.06 1.02-1.10 0.005  0.067 1.07 1.01-1.13 0.018  0.040 1.04 0.99-1.10 0.157 

Anti-hypertensive drug 

use 
0.068 1.07 0.61-1.88 0.812 

 
0.243 1.27 0.64-2.52 0.486  -0.435 0.65 0.23-1.86 0.419 

Low riboflavin status3 0.681 1.98 1.23-3.06 0.002  0.670 1.95 1.16-3.30 0.012  0.663 1.94 0.88-4.30 0.102 

MTHFR TT genotype4  0.521 1.68 1.13-2.52 0.011  0.372 1.45 0.88-2.34 0.143  0.955 2.60 1.26-5.37 0.010 
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Table 5 

Blood pressure and central haemodynamic profile of study participants, stratified by MTHFR genotype and sex (n 498) 

 Male  Female  

 CC/CT 

(n 162) 

TT 

(n 138) 
P value1 

CC/CT 

(n 94) 

TT 

(n 104) 
P value1 

Brachial pressure       

Systolic BP  133.7 (131.6,135.7) 137.2 (134.9,139.4)   0.026 125.2 (122.3,128.0) 134.9 (132.1,137.6)  <0.001 

Diastolic BP 80.3 (78.8, 81.7) 81.9 (80.3, 83.5) 0.146 78.6 (77.0, 80.3) 82.1 (80.4, 83.7) 0.005 

MAP2  98.1 (96.5, 99.6) 100.3 (98.7,102.0) 0.052 94.2 (92.2, 96.1) 99.7 (97.8, 101.5) <0.001 

Pulse pressure3 53.4 (51.9, 54.9) 55.2 (53.6, 56.8) 0.120 46.5 (44.4, 48.7) 52.8 (50.7, 54.9) <0.001 

Central pressure       

Systolic BP  118.5(116.8,120.1) 120.8(119.0,122.6) 0.077 116.1(113.8,118.5) 121.6(119.3,123.8) 0.002 

Diastolic BP  79.3 (78.0, 80.7) 80.2 (78.7, 81.6) 0.437 76.3 (74.5, 78.0) 80.0 (78.3, 81.7) 0.004 

MAP2  94.1 (92.6, 95.6) 95.7 (94.0, 97.3) 0.154 91.9 (90.0, 93.9) 96.0 (94.1, 97.9) 0.004 

Pulse pressure3 38.6 (37.6, 39.6) 40.1 (39.1, 41.2) 0.046 39.2 (37.7, 40.7) 41.1 (39.7, 42.5) 0.218 

Pulse wave analysis       

Augmentation pressure     7.1 (6.4, 7.9) 8.3 (7.5, 9.1) 0.034 11.5 (10.4, 12.6) 11.8 (10.8, 12.9) 0.736 

AIx (%) 18.1 (16.5, 19.7) 20.4 (18.7, 22.1) 0.049 29.0 (27.0, 31.0) 27.7 (25.8, 29.6) 0.353 

PP amplification  16.0 (15.4, 16.5) 15.7 (15.1, 16.3) 0.482 12.5 (11.7, 13.3) 13.3 (12.6, 14.1) 0.181 

PP ratio 1.42 (1.41, 1.44) 1.40 (1.38, 1.42) 0.056 1.33 (1.31, 1.34) 1.34 (1.32, 1.36) 0.384 

Pulse wave velocity        

PWV (m/s)4 7.67 (7.48, 7.85) 7.68 (7.48, 7.89) 0.861 7.11 (6.89, 7.34) 7.47 (7.25, 7.69) 0.043 
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Data presented as adjusted means (95% CI). All units given as mmHg, unless otherwise stated.  

1 One-way ANCOVA adjusting for age, BMI, use of anti-hypertensive medication and consumption of fortified breakfast cereals with Bonferroni post-

hoc analysis. PWV also adjusted for consumption of fortified breakfast cereals. Chi-square test used to detect differences in categorical variables. 

P<0.05 considered significant. Values within a row with different superscript letters (a, b) indicate significant differences between groups. 

2Mean arterial pressure (MAP) calculated as 1/3 systolic BP plus 2/3 diastolic BP. 

3Pulse pressure calculated as systolic BP minus diastolic BP. 

4For PWV in the male cohort, CC/CT n 159; TT n 134. For PWV in the female cohort CC/CT n 92; TT n 102. 

AIx, augmentation index; BP, blood pressure; MAP, mean arterial pressure; PP, pulse pressure; PWV, pulse wave velocity. 
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Chapter 4 

 

The effect of riboflavin and folic acid intervention on blood pressure in adults aged 19-88 

years with the C677T polymorphism in MTHFR: findings from the RAFA trial 
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The effect of riboflavin and folic acid intervention on blood pressure in adults aged 

19-88 years with the C677T polymorphism in MTHFR: findings from the RAFA trial 

 

What is known 

The phenotype of elevated brachial BP in hypertensive adults with a common folate 

polymorphism, i.e. the MTHFR 677TT genotype, can be modulated by supplemental 

riboflavin. The effect of folic acid, either alone or in combination with riboflavin, on BP 

in adults with this genetic risk factor, remains unknown. Furthermore, the BP lowering 

effects of these B vitamins on central BP has not previously been investigated in this at-

risk group.  

 

Hypothesis 

It is hypothesised that riboflavin and folic acid, alone and in combination will lower 

brachial and central BP, in apparently healthy adults with the MTHFR 677TT genotype.  
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Abstract 

Background: The C677T polymorphism in the gene encoding folate metabolising enzyme 

MTHFR is associated with an increased risk of hypertension. Intervention with riboflavin, 

the MTHFR cofactor, at a dose of 1.6mg/day, has been previously shown to lower systolic 

blood pressure (BP) by between 6-14 mmHg in hypertensive adults with the variant 

MTHFR 677TT genotype. The role of folic acid, either alone or in combination with 

riboflavin on BP in genetically at-risk individuals has not been considered to date. 

Furthermore, the response to B vitamin intervention has not been investigated in the 

relevant genotype group.  

 

Aim: To investigate the independent and combined effects of riboflavin and folic acid on 

BP in healthy adults with the MTHFR C677T polymorphism.  

 

Methods: Male and female adults, aged 19-88 years, were recruited from across Northern 

Ireland and screened for the MTHFR 677TT genotype via buccal swab. Those identified 

as being homozygous were randomised following stratification by baseline BP, age and 

sex to one of four treatment groups to receive 1.6mg riboflavin, 0.4mg folic acid, riboflavin 

and folic acid in combination or a placebo for 24 weeks. Pre- and post-intervention brachial 

BP, health and lifestyle information including use of anti-hypertensive medications, and a 

non-fasting blood sample were obtained. Blood samples were analysed for B vitamin 

biomarkers. Central BP was assessed in a sub-set of participants by SphygmoCor XCEL 

(AtCor Medical).   

 

Results: In those who completed the trial (n 201), expected biomarker responses to 

treatment were observed following intervention with riboflavin and folic acid administered 

separately or combined compared, reflecting good general compliance with treatment. In 

relation to BP, B vitamin intervention lowered systolic (P=0.063) and diastolic BP 

(P=0.144) , albeit the responses were of borderline significance. The extent of BP lowering 

was greatest in those who had baseline systolic BP above 136.0 mmHg, where mean 

reductions of 11.3 (95% CI, -15.8, -6.7) mmHg in the riboflavin group, 9.1 (95% CI, -13.1, 

-5.0) mmHg in the folic acid group, -8.1 (95% CI, -12.0, -4.1) mmHg in the combination 

group compared with no BP change in the placebo group (P=0.024) were observed. Central 

BP was measured in a sub-set of 130 participants. No significant changes were observed 

in response to treatment.  
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Conclusions: This preliminary analysis shows that riboflavin, alone or in combination 

with folic acid, lowers BP in adults with the C677T polymorphism in MTHFR, a trend 

which was greatest in those with a higher baseline systolic BP. Central BP did not respond 

to treatment with B vitamins. These findings, if confirmed, have important ramifications 

for BP management in adults with this genetic variant, who represent approximately 10% 

of the Irish and UK population and as many as 1 in 3 of certain populations globally. 
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Introduction 

Methylenetetrahydrofolate reductase (MTHFR) is a key folate metabolising enzyme in 

one-carbon metabolism and strong epidemiological evidence has linked a common C677T 

polymorphism in the MTHFR gene with an increased risk of both hypertension and CVD 

(McNulty et al., 2017). Homozygosity for the polymorphism (TT genotype) produces an 

enzyme with reduced activity leading to decreased concentrations of 5-

methylenetetrahydrofolate (5-MTHF), the predominant form of folate in the circulation. 

Supplementation with riboflavin, the MTHFR cofactor, has been shown to restore activity 

of the variant enzyme, specifically in those with the TT genotype (McNulty et al., 2006). 

Through a series of randomised controlled trials (RCTs) conducted at this Centre, BP has 

been shown to be highly responsive to riboflavin supplementation, with a lowering of 6-

14 mmHg for systolic BP and 3-8 mmHg for diastolic BP (Horigan et al., 2010; Wilson et 

al., 2012, 2013). This novel targeted  treatment for hypertension is predicted to confer 

significant cardio-protective benefits of 30% or greater, as reductions as modest as 2 

mmHg in systolic BP has been shown to lower CVD risk by 10% (Lewington et al., 2002). 

Folic acid has been investigated with respect to BP lowering in a number of trials, both in 

adults generally and by MTHFR genotype, although results are conflicting (Van Dijk et 

al., 2001; A A Mangoni et al., 2002; Toole et al., 2004; McMahon et al., 2007; Huo et al., 

2015). Despite the close metabolic interdependency of riboflavin and folic acid in one-

carbon metabolism, combination of these B vitamins on BP in adults with the C677T 

polymorphism in MTHFR has not been investigated. The genotype-driven riboflavin and 

BP trials conducted to date have investigated CVD and hypertensive patients. The effect 

of this gene-nutrient intervention in healthy adults across adulthood has not been explored. 

Observational analysis of 6,070 free-living individuals reports that those with the variant 

TT genotype are likely to reach a systolic BP of 140 mmHg, ten years earlier than age and 

sex-matched CC controls (Ward et al., under review). Furthermore, this association 

appears to be influenced by baseline riboflavin status, suggesting that optimising riboflavin 

may prevent hypertension, in these genetically at-risk adults.  

 

Office, or brachial, BP is a well-accepted surrogate measure of CVD risk and has been the 

primary outcome of the landmark studies investigating this gene-nutrient interaction. 

Central BP and related haemodynamic parameters have emerged as important indicators 

of future CVD risk. Limited research has considered the role of B vitamins and MTHFR 

genotype on these measures, although folic acid supplementation was reported to improve 
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pulse wave velocity (PWV), a measure of arterial stiffness in 2,529 hypertensive patients 

(Yang et al., 2018). A small study of 41 participants reported a decrease in central systolic 

BP in response to 5mg of folic acid for three weeks, albeit this did not reach statistical 

significance (Williams et al., 2005). No study to date has considered the role of riboflavin, 

either alone or in combination with folic acid, on central BP and haemodynamic parameters 

 

The aim of this study is to investigate the independent and combined effects of riboflavin 

and folic acid on office BP and central haemodynamic parameters in individuals with the 

MTHFR C677T polymorphism.   
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Methods  

Study participants 

Participants recruited to the RAFA (Riboflavin And Folic Acid) study included adults 

from the local community and workplaces across Northern Ireland (n 2,564) as described 

in Chapter 3) and from the Trinity Ulster Department of Agriculture (TUDA) study which 

was  previously conducted at this centre and participants were pre-screened for MTHFR 

genotype by nature of its design. Participants from the TUDA Ulster cohort (n 2,093) who 

had not previously participated in an RCT but had agreed to be re-consented for 

participation in future studies were identified, providing a total available sample of n 4,657 

(Figure 1). MTHFR C677T polymorphism (rs1801133) was determined by restriction 

enzyme typing Hinf1 digestion at LGC Genomics (Hoddesdon, United Kingdom). Ethical 

approval was granted by the Office for Research Ethics Committees Northern Ireland 

(ORECNI; TUDA, reference 08/NI/RO3113) and the Ulster University Research and 

Ethics Committee (RAFA, UREC/11/0081). Each participant provided written, informed 

consent. 

 

Study design  

The RAFA study is a double-blinded, placebo-controlled trial. Participants were stratified 

by baseline systolic BP, sex and age and randomised by an independent clinical trials 

manager to receive one of four treatment groups: 1.6mg/day riboflavin; 0.4mg/day folic 

acid; both vitamins in combination or a placebo for 24 weeks. The main inclusion criterion 

for the study was carrying the MTHFR C677T polymorphism and potential participants 

were excluded if they had a history of gastrointestinal, hepatic, renal, or haematological 

disorders, or were taking B-vitamin supplements, anticonvulsant therapy, or any other 

drugs known to interfere with folate/B-vitamin metabolism. In order to maximise 

compliance, supplements were provided in three batches of an eight-week supply. The 

supplements were packaged in blister packs which the participants were asked to return in 

order to calculate compliance. Participants were asked to attend two appointments, pre and 

post intervention and every effort was made to have both appointments in the same location 

and at a similar time of day and by the same researcher in order to minimise measurement 

variability. Appointments were conducted at a location convenient to the participant, 

including the Human Studies Intervention Unit (HISU), at Ulster University, Coleraine, 

the Northern Ireland Clinical Research Facility (NICRF) in Belfast and at various 

workplaces across Northern Ireland.  
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Blood pressure measurements  

Office BP measurements were made using an Omron 705IT BP monitor (Cardiac Services, 

Belfast, UK). A fully trained researcher conducted the measurement in line with a standard 

operating procedure and in accordance with NICE Guidelines for Hypertension in the UK 

(NICE 2019). Briefly, after 10 minutes at rest and with the participant seated, the reference 

arm was identified (the arm with the highest BP) and two BP readings taken 5 minutes 

apart were used to determine mean BP. If a difference of >5 mmHg was observed, 

subsequent readings, to a maximum of 6 were taken. Pulse pressure (PP) was calculated as 

systolic BP minus diastolic BP (mmHg) and mean arterial pressure (MAP) as 1/3 systolic 

BP plus 2/3 diastolic BP (mmHg).  

 

Questionnaire and anthropometric measurements 

Details of the participant’s health, including medications and family history of CVD was 

obtained. Dietary information on habitual intake of specified foods (sources of B-vitamins 

including milk and fortified breakfast cereals) was collected using a researcher-assisted 

food frequency questionnaire (FFQ), previously validated for B-vitamin intake against B-

vitamin biomarkers (Hoey et al., 2007). Participants also had their weight (kg; SECA 770 

scales), height (m) and waist circumference (cm) measured. 

 

Blood processing 

A 25ml non-fasting blood sample was collected from participants during the appointment 

by a trained phlebotomist into four separate blood collection tubes: 9ml and 4ml EDTA 

vacutainers and 8ml and 4ml serum vacutainers. All blood tubes were placed on ice packs, 

processed within four hours and stored at -80 for batch analysis at the end of the study.  

 

Biomarker analysis 

Riboflavin status was determined at Ulster University by the erythrocyte glutathione 

reductase activation coefficient (EGRac) assay, which measured the enzyme activity of 

glutathione reductase before and after in vitro reactivation with its prosthetic group FAD, 

as described elsewhere (Wilson et al, 2012). In brief, in erythrocytes which have been 

washed three times with phosphate-buffered saline, EGRac is calculated as the ratio of 

FAD-stimulated to unstimulated enzyme activity, with values <1.3 indicating optimal 

riboflavin status, 1.3-1.4 for suboptimal and >1.4 signifying deficiency. Quality controls 

were provided by the repeated analysis of pooled samples covering a wide range of values. 

The inter-assay variation was 2% for the high riboflavin QC and 3% for the low riboflavin 
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QC. Red blood cell (RBC) folate, a long-term biomarker of folate status, was analysed in 

samples of whole blood in a 1 in 10 dilution of 1% ascorbic acid solution. In order to 

calculate RBC folate, the concentration of folate in whole blood was divided by the packed 

call volume (%). Analysis of RBC folate and serum vitamin B12 was conducted by 

microbiological assay, using Lactobacillus casei and Lactobacillus leichmannii, 

respectively, and adapted to a microtiter plate format by BEVITAL AS, Bergen, Norway, 

as described by Molloy & Scott (1997) and Kelleher and Broin (1991).  

 

Pulse wave analysis (PWA) and pulse wave velocity (PWV).  

PWA and PWV were assessed in a sub-sample of the cohort. These parameters were 

measured non-invasively using a SphygmoCor® XCEL (AtCor Medical, Sydney, 

Australia) with the participant at rest, in the supine position. The participant was asked to 

avoid caffeine and smoking for 4 hours prior to the appointment. The same researcher 

conducted all measurements as described in Chapter 3. Briefly, an upper arm cuff was 

inflated twice to assess brachial BP and the central waveform, from which central BP was 

determined. cfPWV was obtained by simultaneous acquisition of the carotid pulse by 

applanation tonometry (high-fidelity transducer; Millar Instruments) and the femoral pulse 

by volumetric displacement within a cuff placed around the upper thigh, with the distance 

between recording sites determined using the subtraction method. Transit time is 

determined using the ‘foot-to-foot’ method. PWV is calculated as the distance travelled 

over the time taken.  

 

Power calculation  

Sample size calculations for this study were estimated using G* Power (Faul et al., 2009) 

and are based on comparisons of mean change in systolic BP between treatment groups 

from a previous study conducted at this Centre (Horigan et al., 2010). The minimum 

sample size to detect an effect of riboflavin on systolic BP (and accounting for a possible 

20% dropout rate) was estimated to be 41 participants per group. The type I error rate was 

0.05 with desired power of 0.80.  

 

Statistical analysis 

All statistical analysis was performed using SPSS Statistical Package for Social Sciences 

(version 25.0; SPSS UK Ltd). Variables were tested for normality prior to analysis and log 

transformed where appropriate. Differences between groups of continuous data were 

analysed by ANCOVA, controlling for age, sex, BMI and baseline BP. Differences 
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between categorical groups were analysed by χ2 analysis.  Bivariate correlation analysis 

was conducted between B vitamin biomarkers at baseline against BP indices at baseline. 

P<0.05 was considered statistically significant. 
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Results 

Baseline characteristics 

In this preliminary analysis, 201 individuals with the C677T polymorphism in MTHFR 

completed this study investigating the effect of 1.6mg riboflavin (n 47), 0.4mg folic acid 

(n 49), a combination of riboflavin and folic acid (n 55) and placebo (n 50) on BP (Figure 

1). Baseline characteristics did not differ between the treatment groups (Table 1). 

Participants had a mean age of 55.3 ± 15.7 years, ranging from 19 to 88 years of age and 

slightly more males than females participated (56% vs 44 %). Mean BMI was 29.7 ± 5.5 

kg/m2, with 18.4% classed as normal weight, 42.3% as overweight and 39.3% as obese. 

Baseline RBC folate and vitamin B12 concentrations did not differ between the treatment 

groups although a significant difference was observed in EGRac values. Using cut-off of 

140/90 mmHg, 41.3% of participants were classed as hypertensive at baseline with no 

significant differences between the groups. A third (33%) of participants reported a family 

history of CVD. There were no other significant differences in baseline characteristics 

between the groups.  

 

Use of anti-hypertensive medications  

Overall, 42% of the cohort reported taking hypertensive medications, of which, 59% were 

achieving target BP of <140/90 mmHg. A detailed breakdown of anti-hypertensive 

medication use and drug combinations by treatment group is shown (Table 2). The 

majority of participants were taking 1 BP medication (43.4%), and angiotensin converting 

enzyme (ACE) inhibitors and calcium channel blockers (CCB’s) were the most commonly 

prescribed classes of anti-hypertensive medications.  

 

Biomarker response to intervention 

Compliance with the treatment protocol was assessed by examining the responses of 

EGRac, RBC folate and homocysteine concentrations in the four treatment groups (Figure 

2). Significant biomarker changes were observed corresponding to the treatment group 

allocation. EGRac decreased by a mean (SD) of -0.10 ± 0.08 in the riboflavin group and 

by -0.12 ± 0.07 in the combination group, indicating an improvement in riboflavin status. 

A mean (SEM) increase of 531 ± 100 nmol/L in RBC folate was observed in the folic acid 

group and 533 ± 68 nmol/L in the combination group. These responses were consistent 

with the changes observed in plasma homocysteine concentrations in response to 

intervention which decreased as expected in response to intervention with B vitamins, a 
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response that was significant in response to riboflavin and folic acid combined (Figure 2). 

No biomarker responses were observed in the placebo group. Compliance rates estimated 

by pill-counting confirmed a mean participant compliance of 95%. 

 

BP response to treatment 

No difference in pre-intervention BP was observed across the 4 treatment groups. In 

response to intervention a decrease in systolic BP, was observed (Table 3), in response to 

treatment with B vitamins which was borderline significant (P=0.063). In the case of 

diastolic BP, a similar trend for BP lowering was observed in response to active treatment, 

although this did not reach statistical significance (P=0.144). MAP, which is determined 

as 1/3 systolic BP plus 2/3 diastolic BP, decreased significantly in response to each active 

treatment group (P=0.014) compared to the placebo, with no differences observed in the 

extent of response between groups. There was no significant change in pulse pressure in 

any group. Baseline RBC folate concentrations were found to be negatively correlated with 

baseline diastolic BP (r -0.189, P=0.012). No other significant associations were found 

between B vitamin biomarker status and baseline BP indices (data not shown).  

 

BP response when stratified by median baseline BP of 136 mmHg 

In those who had a baseline systolic BP at or above the median of 136.0 mmHg (n 98), a 

mean decrease of 11.3 ± 2.3 mmHg and 9.1 ± 2.0 mmHg in in systolic BP was observed  

in the riboflavin group and folic acid group, respectively. A mean decrease of 8.1 ± 2.0 

mmHg was observed in response to the combination treatment. No significant differences 

were observed in those with baseline BP below the median (Figure 3).  

 

Response of central BP to treatment  

In those who completed intervention, additional measures of central BP and PWV were 

available in a sub-set of younger adults (n 130) and results are presented in Table 4. At 

baseline, mean central systolic BP was 123.1 ± 11.6 mmHg and mean central diastolic BP 

was 82.6 ± 9.2 mmHg with no significant differences across treatment groups. There was 

a trend for decreasing central systolic and diastolic BP in response to supplementation with 

folic acid, although this change did not reach statistical significance. Pulse pressure was 

significantly different between the groups at baseline, with higher values in the placebo 

and folic acid groups compared to the combination and riboflavin groups. Mean baseline 

PWV was 7.7 ± 1.3 mmHg in this subset and PWV did not respond to any treatment group.  
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Discussion 

The RAFA study is the first double blinded RCT to investigate the independent and 

combined effects of riboflavin and folic acid on BP indices in adults with the C677T 

polymorphism in MTHFR. In this preliminary analysis, a strong trend for decreased 

systolic and diastolic BP was observed in response to intervention with riboflavin and folic 

acid, with the extent of change greatest in those with higher baseline BP.  Consistent with 

these changes, MAP, which reflects both systolic and diastolic BP, reduced across all 

treatment groups. For the first time, the effect of riboflavin and folic acid, alone and in 

combination, on central BP and PWV was considered. A trend for decreased central 

pressure across all treatment groups was observed, with a stronger effect observed for folic 

acid. No changes in PWV were found in this cohort in response to B vitamin intervention. 

 

This trial demonstrates for the first time, that riboflavin, either alone or in combination 

with folic acid, reduces systolic BP in healthy adults with the MTHFR 677TT genotype. 

Previous genotype driven studies conducted at this Centre have reported significant BP 

lowering in response to riboflavin administered at the dietary level of 1.6mg per day 

(Horigan et al., 2010; Wilson et al., 2012, 2013). Reductions in the range of 6-14 mmHg 

for systolic BP and 3-8 mmHg for diastolic BP were previously observed in premature 

CVD and hypertensive patients. The current study not only confirms previous RCT 

findings but provides the first evidence that targeted B vitamin intervention can modulate 

BP in healthy individuals across adulthood, with reductions in systolic BP of between 1-9 

mmHg, and 1-6 mmHg for diastolic BP in response to treatment. This change is clinically 

meaningful with reductions of 2 mmHg estimated to reduce CVD risk by 10% (Lewington 

et al., 2002). The extent of change observed was greatest in those with a median BP above 

136 mmHg, i.e. in the pre-hypertensive category as defined by NICE (2019). Folic acid 

has been considered in adults generally in relation to hypertension, with BP lowering 

reported in some (van Dijk et al., 2001; Mangoni et al., 2002) but not all (Toole et al., 

2004; McMahon et al., 2007). Van Dijk et al., (2001) investigated the effect of 5 mg of 

folic acid and 250 mg of vitamin B6 for 2 years in 130 siblings of patients with premature 

atherothrombosis. Significant reductions of 3.7 mmHg in systolic and 1.9 mmHg in 

diastolic BP were reported in adults aged 18-65 years. A greater BP lowering was reported 

in a small study by Mangoni et al., (2002) where systolic BP lowered by 8 mmHg and 

diastolic BP by 4 mmHg in response to 5mg folic acid /day for a duration of 4 weeks. One 

meta-analysis has also reported modest, yet significant, BP lowering of 2 mmHg in 
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response to folic acid at doses of 5 mg or greater, although, to date, many of the studies 

have focused on clinical cohorts (McRae, 2009). In the current study there was a trend for 

decreasing BP in response to a much lower dose of 0.4 mg/day of folic acid, which 

appeared to be stronger for diastolic BP, particularly in those with a higher baseline BP. A 

smaller crossover study of 41 of males reported systolic BP lowering of 3.4 mmHg in 

response to 5 mg of folic acid for 3 weeks, albeit this did not reach statistical significance 

(Williams et al., 2005).  

 

One study that did consider the MTHFR  genotype was the China Stroke Primary 

Prevention Trial (CSPPT), which is the largest B vitamin and BP trial to stratify by MTHFR 

genotype. In 20,706 hypertensive patients, 23.5% of which carried the MTHFR C677T 

polymorphism, a dose of 0.8mg of folic acid in combination with the angiotensin 

converting enzyme inhibitor, enalapril was found to have no additional BP lowering effect 

over the effect of enalapril alone,  irrespective of MTHFR genotype. However, a significant 

reduction in stroke risk of 21% was reported in those who received folic acid and enalapril 

combination (Huo et al., 2015). The effect of folic acid on stroke prevention has been 

shown to be greatest in populations with lower folate status (Wang et al., 2007; Holmes et 

al., 2011). In support of this, in the aforementioned trials by van Dijk et al., (2001) and 

Mangoni et al., (2002), baseline folate levels were approximately 12.5 nmol/L compared 

with 25 nmol/L in the studies where negative BP findings were reported in response to 

folic acid (Toole et al., 2004; McMahon et al., 2007). In the current study, 17.2% of the 

population were classed as deficient (RBC folate <340 nmol/L), which may have 

influenced the findings. 

 

Mean arterial pressure (MAP), the steady component of BP, is often underestimated as an 

independent risk factor for hypertension, has been shown to be significantly higher in 

hypertensive compared to healthy individuals, with reported values of 90 mmHg in healthy 

adults compared to 110 mmHg those classed as hypertensive in analysis of 10,613 

individuals aged 18-101 years (McEniery et al., 2008). In the Physicians’ Health Study, 

8,743 healthy males aged less than 60 years, MAP was linked with more than a doubling 

of CVD risk (Sesso et al., 2000). In RAFA, reductions in MAP were observed in response 

to both riboflavin and folic acid, both alone and in combination, indicating an improvement 

in vascular function. Pulse pressure which reflects arterial stiffness, however, did not 

respond to B vitamin intervention. The lack of response observed may have been 

influenced by the inclusion of adults across a wide age range (19 – 88 years). Given that 
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age is a strong determinant of pulse pressure and suggests future studies investigating pulse 

pressure in relation to this gene-nutrient interaction should consider stratification by age. 

PWV, the gold standard method for assessing large artery stiffness, did not respond to 

treatment in adults with the C677T polymorphism in MTHFR in the present study. Studies 

investigating the effect of folic acid on PWV in adults generally, have reported negative 

findings (Arduino A. Mangoni et al., 2002; Zoungas et al., 2006; Khandanpour et al., 2009; 

van Dijk et al., 2015). Few studies have considered the effect of folic acid on PWV in 

adults stratified by MTHFR genotype. In a smaller study of 41 hypertensive males who 

received 5 mg  folic acid for three weeks, results showed no effect on PWV, irrespective 

of genotype, although only 5 participants carried the C677T polymorphism in MTHFR 

(Williams et al., 2005). A sub-study of the CSPPT assessed PWV response in 2,529 

hypertensive patients and the greatest extent of change was in those who had the greatest 

change in folate status at follow-up (Yang et al., 2018). The mechanism underpinning the 

role of the C677T variant in MTHFR with BP is thought to involve the potent vasodilator, 

nitric oxide (NO). While PWV is strongly related with endothelial function (McEniery et 

al., 2006), more direct measures such as flow mediated dilation (FMD) may have been a 

more appropriate option in the current study to detect differences in NO bioavailability. 

Moreover, the effect of folic acid on FMD appears to be negligible at doses below 5 mg 

for at least 4 weeks (McRae, 2009), thus the dose of 0.4 mg per day used in the current 

study may have been insufficient to influence vascular health. Another point of note, is 

that this study was powered to detect a change in BP, based on previously conducted 

RCT’s, and as such, the present study may not have been sufficiently powered to detect 

change in other vascular measures. Considering the findings in Chapter 3, where a trend 

for faster PWV was only observed in females with the TT genotype, it is likely that the 

effect size is much smaller for PWV than for BP. Future studies in larger sample sizes 

should use a variety of methods such as FMD and be powered to consider the role of sex 

in addition to the genotype on arterial stiffness and endothelial function.  

 

The mechanism linking this common polymorphism with BP is unknown; however, it is 

likely to involve 5-MTHF, which is known to influence NO bioavailability (McNulty et 

al., 2017). Riboflavin and folic acid, which are metabolically linked, have been reported 

to influence endothelial NO synthase (eNOS), the enzyme responsible for NO generation, 

in a number of ways. Riboflavin, in its coenzyme forms of flavin adenine dinucleotide 

(FAD) and flavin mononucleotide (FMN), is essential for dimerization and thus activation 

of eNOS, whereas 5-MTHF shares a similar structure to tetrahydrobiopterin (BH4), an 
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essential cofactor for eNOS coupling and NO generation (Förstermann and Sessa, 2012). 

It is hypothesised, therefore, that the BP lowering effects observed could be explained by 

increased concentrations of the cofactor, which in turn could increase vasodilation.  

 

The findings of this study have important implications for prevention and treatment of 

hypertension. This is the first study that demonstrates a role for both riboflavin and folic 

acid, supplemented at dietary levels, on BP and furthermore, demonstrates a BP lowering 

effect in healthy adults. Future public health strategies aimed at preventing hypertension 

may wish to consider B vitamin supplementation, given the frequency of this 

polymorphism is approximately 12% in Northern Ireland and can be as high as 32% in 

some populations. In addition, while hypertension control rates have improved in recent 

years, approximately 40% of the population do not appear to respond to current 

pharmacological options, therefore, there remains a need to identify novel BP lowering 

treatments. Based on the current findings, the combination of BP lowering drugs and B 

vitamin supplementation may offer an effective approach for this genetically at-risk sub-

group of the population.  

 

Strengths and Limitations 

This study has a number of strengths. To the best of our knowledge this is the first 

investigation of the independent and combined effects of riboflavin and folic acid on BP 

in healthy adults aged 19-88 years with the MTHFR C677T polymorphism. This study not 

only investigated brachial BP as the primary outcome but central BP and PWV  

(independent predictors of CVD risk) were assessed in a sub-set. Furthermore, this study 

was a double-blinded RCT, a robust study design to answer the research question. Blood 

samples were analysed for a number of relevant biomarkers determine compliance to 

intervention, including EGRac and RBC folate which are long term indicators of riboflavin 

and folate intake, respectively. This study is, however, not without its limitations. Based 

on previous work, the beneficial effect of riboflavin driven by the expectation that 

riboflavin status is similar between the treatment groups. Unfortunately, analysis of the 

data revealed riboflavin status was different across the groups and was optimal in the 

riboflavin treatment group at baseline, compared to sub-optimal or approaching deficiency 

in the others. Although this was taken into account in statistical analysis of the BP 

response, in retrospect it may have been prudent to have randomised to treatment groups 

based on baseline riboflavin status. Despite being the largest genotype driven study 
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investigating the effect of riboflavin on BP, the trial is at present underpowered. 

Furthermore, only a sub-set of participants were assessed for central pressure and PWV. 

More direct, yet non-invasive, measures of assessing endothelial function such as FMD 

may help further understanding of this gene-nutrient interaction in hypertension and 

vascular health. Lastly, this is a preliminary analysis in those who completed intervention; 

full analysis will be carried out on an intention to treat bases. Finally, this trial was not 

powered to investigate an interaction with sex, which results in Chapter 3 suggest are 

important.  

 

 

Conclusion 

This study confirms, for the first time, the BP lowering effect of riboflavin and folic acid 

in adults with the C677T polymorphism in MTHFR in a cohort of healthy adults. Further 

to previous work conducted at this Centre, this study provides evidence that folic acid 

responds to both riboflavin and folic acid in genetically at-risk adults. Moreover, the BP 

lowering effect of B vitamins has been demonstrated in healthy adults, for the first time. 

The current findings have important public health implications given the global burden of 

hypertension and worldwide prevalence of 10% of the variant polymorphism, which can 

be as high as 32% in some populations.  
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Week 0, 24 
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Completed intervention 

 

 

Data analysis 

 

Figure 1 Flow diagram of study design of RAFA blood pressure lowering effect of riboflavin and folic acid trial. 

BP, blood pressure; MTHFR, methylenetetrahydrofolate reductase; NI, Northern Ireland; TUDA, PWV, pulse wave velocity; Trinity Ulster Department of 
Agriculture. 

Participants were recruited from workplaces across NI (n 2,564) and from studies where adults 
were pre-screened for MTHFR genotype; TUDA NI (n 2,093), providing a total sample of 4,657 

Available sample identified with the MTHFR 677TT genotype (n 517)                      

BP response to each treatment group assessed in those who completed intervention (n 201) and 
a subset who had central BP and PWV measured (n 130) 

Office BP, health and lifestyle information, anthropometry, blood sample (n 291) 
Central BP and PWV measured in a subset (n 173) 

 

Riboflavin 1.6mg 
n 71 

 

Riboflavin 1.6mg 
& folic acid 0.4mg 

n 74 
  

 

Folic acid 0.4mg 
n 73 

        

  
 

Riboflavin 1.6mg 
n 47 

 

Riboflavin 1.6mg 
& folic acid 0.4mg 

n 55 
  

 

Folic acid 0.4mg 
n 49 

        

  

Excluded: n 226 
Unable to contact  
n 40 
Declined to participate 
n 33  
Participated in 
previous trial n  91 
Low BP n 41 
B vitamin supplement 
users n 18 
Gastrointestinal 
disease n 3 

 
        

  

 

Placebo 
n 73 

 

 

Placebo 
n 50 

 

Excluded: n 90 
Lost to follow-up n 48  
Identified as 
supplement users n 41 
Started BP drugs n 1  
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Figure 2 Biomarker response to intervention with either riboflavin (1.6 mg/d), folic acid 

(0.4 mg/d), a combination of riboflavin and folic acid or placebo in individuals with the 

MTHFR 677TT genotype over 24 weeks. 

Panel (a) erythrocyte glutathione reductase activation coefficient (EGRac); panel (b) red 

blood cell folate; panel (c) homocysteine.  

Treatment groups were placebo (P), 1.6 mg riboflavin (R), 0.4 mg of folic acid (FA) or a 

combination of 1.6 mg riboflavin and 0.4 mg folic acid (R&FA) for 24 weeks.  

Data expressed as mean change (±SEM). Probability values refer to interaction obtained 

from a one-way between-group ANOVA (P <0.05) which compared response within each 

biomarker between treatment groups. Different lowercase letters indicate significant 

differences between treatment groups by Bonferroni post hoc test. 
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(a) Systolic BP response to treatment when baseline systolic BP was ≥136 mmHg 
 
 
 
 
 
 

 
 

(b) Systolic BP response to treatment when baseline systolic BP was <136 mmHg 
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(c) Diastolic BP response to treatment when baseline systolic BP was ≥136 mmHg 
 
 
 
 
 
 

 
 

(d) Diastolic BP response to treatment when baseline systolic BP was <136 mmHg 
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Figure 3 Systolic BP (a) above and (b) below baseline median systolic BP and diastolic BP 

(c) above and (d) below median baseline median systolic BP of 136 mmHg in participants with 

the MTHFR C677T polymorphism.  

Treatment groups were placebo (P), 1.6 mg riboflavin (R), 0.4 mg of folic acid (FA) or a 

combination of 1.6 mg riboflavin and 0.4 mg folic acid (R&FA) for 24 weeks. 

Data presented as mean change (SEM). One-way ANCOVA, adjusting for BMI, sex and 

baseline BP to compare response between treatment groups. P<0.05 considered significant.  

Different lowercase letters indicate significant differences between treatment groups by 

Bonferroni post hoc test. 
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Table 1 
General characteristics of study population at baseline (n 201) 

 

 

 Treatment group1  
 P 

(n 50) 
R 

(n 47) 
FA 

(n 49) 
R&FA 
(n 55) 

P value2 

Age (years) 53.6 (17.1) 55.5 (15.6) 54.2 (13.4) 57.6 (15.1) 0.449 

Male sex n (%) 29 (58.0) 26 (55.3) 27 (55.1) 31 (56.4) 0.991 

BMI (kg/m2) 28.7 (5.7) 30.3 (4.9) 30.1 (5.5) 29.7 (5.8) 0.429 

Current smoker n (%) 4 (8.2) 6 (13.0) 7 (14.3) 8 (14.8) 0.741 

Alcohol (units per week) 10.0 (10.9) 9.1 (10.7) 8.4 (9.2) 8.0 (10.2) 0.806 

Family history CVD n (%) 15 (30.6) 14 (32.6) 19 (39.6) 18 (34.0) 0.815 

Diabetes n (%) 5 (10.2) 2 (4.3) 4 (8.2) 6 (11.1) 0.645 

Hypertensive n (%) 21 (42.0) 15 (31.9) 20 (40.8) 27 (49.1) 0.377 

Taking BP medications n (%) 18 (36.0) 21 (46.7) 21 (43.8) 23 (42.6) 0.751 

    Treated and controlled n (%) 10 (55.6) 16 (76.2) 13 (61.9) 10 (43.5) 0.170 

B vitamin biomarkers      

EGRac3 1.35 (0.16)a 1.26 (0.10)b 1.39 (0.18)a 1.32 (0.12)ab <0.001 

  Optimal n (%) 21 (43.8) 29 (69.0) 18 (40.0) 25 (49.0) 0.020 

  Sub-optimal n (%) 11 (22.9) 8 (19.0) 7 (15.6) 14 (27.5)  

  Deficient n (%) 16 (33.3) 6 (11.9) 20 (44.4) 12 (23.5)  

RBC folate4 (nmol/L) 552 (185) 526 (192) 512 (167) 523 (190) 0.997 

Vitamin B125 (pmol/L) 296 (111) 266 (76) 273 (92) 296 (97) 0.355 
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Data presented as mean (SD), unless otherwise stated. 
1 Treatment groups were placebo (P), 1.6 mg riboflavin (R), 0.4 mg of folic acid (FA) or a combination of 1.6 mg riboflavin and 0.4 mg folic acid 

(R&FA) for 24 weeks.  
2 Differences between treatment groups were assessed using one-way ANOVA, with Bonferroni post hoc analysis. Values within a row with different 

superscript letters indicate significant differences. P<0.05 considered significant.  
3 EGRac, estimated glutathione reductase activation coefficient, the gold standard biomarker for riboflavin status, where lower EGRac values indicated 

better riboflavin status. Optimal status signified by EGRac <1.3, sub-optimal 1.3-1.4 and deficient ≥1.4.  
4 Red blood cell (RBC) folate indicated long term folate status, with deficiency at levels <340 nmol/L. 
5 Vitamin B12 (cobalamin) deficiency at concentrations <150 pmol/L. 

BMI, body mass index; CVD, cardiovascular disease; FA, folic acid; MI, myocardial infarction; P, placebo; RBC, red blood cell; R, riboflavin; R&FA, 

riboflavin and folic acid.  
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Table 2  
Anti-hypertensive medication use at baseline among trial participants prescribed anti-hypertensive medications (n 83) 
 All participants 

(n 83) 

P 

(n 18) 

R 

(n 21) 

FA 

(n 21) 

R&FA 

(n 23) 

Blood pressure (mmHg)      

     Systolic BP 138.0 (16.2) 138.3 (18.3) 134.6 (13.2) 138.0 (14.0) 137.6 (19.4) 

     Diastolic BP 75.8 (11.7) 76.5 (13.0) 75.8 (7.4) 77.2 (13.9) 73.9 (11.9) 

Drug class n (%)      

     ACE inhibitor 41 (49.4) 13 (72.2) 11 (52.4) 8 (38.1) 9 (39.1) 

     CCB 34 (41.0) 9 (50.0) 9 (42.9) 10 (47.6) 6 (26.1) 

     ß blocker 18 (21.7) 4 (22.2) 4 (19.0) 4 (19.0) 6 (26.1) 

     ARB 18 (21.7) 1 (5.6) 4 (19.0) 6 (28.6) 7 (30.4) 

     Diuretic 37 (44.6) 8 (44.4) 13 (61.9) 8 (38.1) 8 (34.8) 

     α blocker 9 (11.0) 4 (22.2) 0 (0) 3 (14.3) 2 (9.1) 

Drug combinations n (%)      

     1 BP medication 36 (43.4) 4 (22.2) 7 (33.3) 11 (52.4) 14 (60.9) 

     2 BP medications 24 (28.9) 7 (38.9) 9 (42.9) 3 (14.3) 5 (21.7) 

     ≥3 BP medications  23 (27.7) 7 (38.9) 5 (23.8) 7 (33.4) 4 (17.3) 

Data expressed as mean (SD) or n (%). χ2 test was used to compare the use of each anti-hypertensive medication (user versus non-user) between the 

treatment groups.  

ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blockers; BP, blood pressure; and CCB, calcium-channel blockers. 
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Table 3 
BP response to intervention, in mmHg, by treatment group in participants with the MTHFR C677T polymorphism (n 201) 
 Treatment group1   
 P 

(n 50) 
R 

(n 47) 
FA 

(n 49) 
R&FA 
(n 55) 

P value2 P value3 

General characteristics       
Age (years) 53.6 (17.1) 55.5 (15.6) 54.2 (13.4) 57.6 (15.1) 0.449 - 
Male sex n (%) 29 (58.0) 26 (55.3) 27 (55.1) 31 (56.4) 0.991 - 
BMI (kg/m2) 28.7 (5.7) 30.3 (4.9) 30.1 (5.5) 29.7 (5.8) 0.429 - 
       
Systolic BP        
Pre intervention 139.8 (135.1, 144.4) 137.6 (132.9, 142.3) 139.5 (134.9, 144.0) 138.4 (134.2, 142.6) 0.787 0.915 
Post intervention 137.7 (134.8, 140.6) 132.4 (129.4, 135.3) 133.6 (130.7, 136.4) 135.5 (132.8, 138.1) 0.177 0.063 
Response  -1.1 (-4.0, 1.8) -6.4 (-9.4, -3.5) -5.2 (-8.1, -2.4) -3.4 (-6.0, -0.7) 0.259 0.063 
       
Diastolic BP        
Pre intervention 81.3 (778.3, 84.4) 81.0 (77.8, 84.3) 81.2 (78.1, 84.3) 80.4 (77.5, 83.3) 0.720 0.974 
Post intervention 80.5 (78.8, 82.2) 78.5 (76.7, 80.3) 77.8 (76.1, 79.5) 78.6 (77.0, 80.2) 0.232 0.144 
Response  -0.5 (-2.2, 1.2) -2.5 (-4.2, -0.7) -3.2 (-5.9, -1.5) -2.4 (-4.0, -0.8) 0.211 0.144 
       
MAP4        
Pre intervention 100.2 (96.7, 103.7) 99.7 (96.3, 103.1) 101.0 (97.6, 104.3) 99.5 (96.4, 102.7) 0.730 0.934 
Post intervention 99.9 (97.9, 101.9)a 96.4 (94.5, 98.3)b 95.7 (93.8, 97.6)b 96.9 (95.2, 98.7)b 0.142 0.016 
Response  -0.2 (-2.2, 1.8)a -3.7 (-5.6, -1.8)b -4.4 (-6.3, -2.5)b -3.2 (-5.6, -1.8)b 0.050 0.014 
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Data presented as mean (SD) for general characteristics and adjusted means (95% confidence interval) for BP.  

Differences between treatment groups were assessed using one-way ANCOVA, with Bonferroni post hoc analysis. Values within a row with different 

superscript letters indicate significant differences. P<0.05 considered significant.  
1 Treatment groups were placebo (P), 1.6 mg riboflavin (R), 0.4 mg of folic acid (FA) or a combination of 1.6 mg riboflavin and 0.4 mg folic acid 

(R&FA) for 24 weeks.  
2 Model 1 represents unadjusted P values. 
3 Model 2 is adjusted for age, sex, baseline BMI and baseline BP and baseline riboflavin status.  
4 MAP, mean arterial pressure calculated as 1/3 systolic BP plus 2/3 diastolic BP. 
5 Pulse pressure calculated as systolic minus diastolic BP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pulse pressure5       
Pre intervention 58.6 (54.7, 62.4) 56.3 (52.5, 60.0) 58.2 (54.6, 61.8) 58.1 (54.6, 61.5) 0.692 0.834 
Post intervention 57.2 (54.7, 59.7) 53.9 (51.5, 56.3) 55.2 (52.8, 57.5) 56.0 (53.8, 58.2) 0.864 0.303 
Response -0.6 (-3.1, 1.9) -3.9 (-6.3, -1.4) -2.6 (-5.0, -0.2) -1.8 (-4.0, 0.5) 0.486 0.303 
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Table 4 
Central BP and PWV response to intervention by treatment group in participants with the MTHFR C677T polymorphism (n 130) 
 Treatment group1   
 P 

(n 33) 
R 

(n 29) 
FA 

(n 34) 
R&FA 
(n 34) 

P value2 P value3 

Central systolic BP (mmHg)       
Pre intervention 125.6 (121.6, 129.6) 121.1 (117.3, 125.0) 126.0 (122.5, 129.6) 120.7 (117.1, 124.3) 0.263 0.064 
Post intervention 122.8 (119.6, 126.0) 121.7 (118.7, 124.8) 119.0 (116.2, 121.8) 120.6 (117.8, 123.5) 0.874 0.345 
Response  -0.5 (-3.7, 2.7) -1.6 (-4.7, 1.4) -4.4 (-7.2, 1.5) -2.7, -5.6, 0.2) 0.208 0.314 
       
Central diastolic BP (mmHg)      
Pre intervention 83.7 (80.4, 87.0) 81.4 (78.1, 84.8) 83.2 (80.1, 86.2) 82.0 (79.0, 85.0) 0.867 0.692 
Post intervention 82.0 (79.9, 84.1) 81.3 (79.1, 83.5) 79.7 (77.8, 81.7) 81.8 (80.0, 83.8) 0.704 0.329 
Response  -0.6 (-2.7, 1.6) -1.3 (-3.5, 0.9) -2.8 (-4.8, -0.9) -0.7 (-2.7, 1.2) 0.379 0.353 
       
Central MAP3 (mmHg)       
Pre intervention 100.1 (96.5, 103.6) 96.4 (93.0, 99.9) 99.4 (96.2, 102.6) 96.7 (93.4, 99.9) 0.628 0.298 
Post intervention 97.5 (95.0, 100.0) 97.1 (94.7, 99.6) 94.5 (92.2, 96.7) 97.1 (94.8, 99.3) 0.900 0.257 
Response  -0.6 (-3.1, 1.9) -1.0 (-3.5, 1.5) -3.7 (-6.0, -1.4) -1.1 (-3.4, 1.2) 0.170 0.224 
       
Central pulse pressure4 (mmHg)      
Pre intervention 42.1 (39.6, 44.6)ab 39.8 (37.2, 42.4)ab 42.5 (40.2, 44.9)b 38.3 (35.9, 40.7)a 0.119 0.023 
Post intervention 40.4 (38.5, 42.2) 39.8 (37.9, 41.7) 39.1 (37.4, 40.9) 38.4 (36.7, 40.2) 0.305 0.432 
Response -0.4 (-2.2, 1.5) -0.9 (-2.8, 1.0) -1.6 (-3.3, 0.2) -2.3 (-4.0, -0.5) 0.640 0.453 
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Data presented as adjusted means (95% confidence interval). 

Differences between treatment groups were assessed using one-way ANCOVA, with Bonferroni post hoc analysis. Values within a row with different 

superscript letters indicate significant differences. P<0.05 considered significant.  
1 Treatment groups were placebo (P), 1.6 mg riboflavin (R), 0.4 mg of folic acid (FA) or a combination of 1.6 mg riboflavin and 0.4 mg folic acid 

(R&FA) for 24 weeks.  
2 Model 1 represents unadjusted P values. 
3 Model 2 is adjusted for age, BMI and starting BP or PWV, as appropriate.  
4 MAP, mean arterial pressure calculated as 1/3 systolic BP plus 2/3 diastolic BP. 
5 Pulse pressure calculated as systolic minus diastolic BP. 

 

Pulse wave velocity (m/s)       
Pre intervention 7.82 (7.38, 8.25) 7.58 (7.16, 8.00) 7.88 (7.50, 8.26) 7.71 (7.32, 8.09) 0.846 0.559 
Post intervention 7.75 (7.42, 8.08) 7.71 (7.39, 7.03) 7.74 (7.45, 8.03) 7.62 (7.31, 7.91) 0.910 0.910 
Response 0.01 (-0.33, 0.34) -0.04 (-0.36, 0.28) 0.00 (-0.30, 0.28) -0.13 (-0.42, 0.16) 0.893 0.887 
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Chapter 5 

Impact of the MTHFR C677T polymorphism on one-carbon metabolites: evidence from a 

randomised trial of riboflavin supplementation    
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Impact of the MTHFR C677T polymorphism on one-carbon metabolites: evidence 

from a randomised trial of riboflavin supplementation    

 

What is known 

Elevated BP and plasma homocysteine are established phenotypes of the C677T 

polymorphism in MTHFR, both of which can be modulated by intervention with riboflavin, 

at the dietary level of 1.6mg. It is unknown what effects the polymorphism, and riboflavin 

intervention, have on related metabolites in the one-carbon pathway however this data may 

offer some insight into the mechanisms linking the MTHFR 677TT genotype and BP.  

 

Hypothesis 

It is hypothesised that one-carbon metabolite concentrations will be altered in adults with 

the TT compared to CC genotype in MTHFR and will be modulated by supplemental 

riboflavin. 
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Abstract  

Background: The C677T polymorphism in MTHFR is associated with a 24-87% increased 

risk of hypertension. Significant blood pressure (BP) lowering has been previously 

reported in response to supplementation with riboflavin, the MTHFR cofactor, in adults 

with the variant MTHFR 677TT genotype. Whether the BP phenotype associated with this 

polymorphism is related to perturbed one-carbon metabolism is unknown.  

Aim: To investigate the impact of the MTHFR C677T polymorphism on one-carbon 

metabolites and their responsiveness to intervention with riboflavin in adults with the 

variant MTHFR 677TT genotype. 

Methods: Plasma samples from adults (n 115) screened for the MTHFR genotype, 

including those who previously participated in trials to lower BP (TT genotype, n 47), were 

analysed for methionine, S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), 

betaine, choline and cystathionine by liquid chromatography tandem mass spectrometry 

(LC-MS/MS). The one-carbon metabolite response to riboflavin (1.6 mg/d; n 24) or 

placebo (n 23) for 16 weeks in adults with the TT genotype was also investigated.  

Results: Individuals with the TT, compared to CC, genotype had higher plasma 

homocysteine (P=0.043), lower red blood cell folate concentrations (P=0.045) and higher 

BP (P<0.001). In the LC-MS/MS analysis, SAM concentrations (74.7 ± 21.0 vs 85.2 ± 

22.6 nmol/L, P=0.013) and SAM:SAH ratio (1.66 ± 0.55 vs 1.85 ± 0.51, P=0.043) were 

lower in the TT compared to CC genotype group whilst no genotype effects were observed 

for other one-carbon metabolites. In response to riboflavin supplementation, a 14.0 ± 8.1 

mmHg decrease in systolic BP was observed in the TT genotype group (P=0.030). 

Correspondingly, concentrations of SAM (P=0.008) and cystathionine (P=0.045) 

increased, while no response to riboflavin was observed in other one-carbon metabolites. 

Conclusions: The findings show significantly lower SAM concentrations and SAM:SAH 

ratio in individuals with the MTHFR 677TT genotype, and for the first time demonstrate 

that SAM, along with cystathionine, increases in response to riboflavin supplementation 

in this genotype group. These responses of one-carbon metabolites to riboflavin 

intervention may underpin the elevated BP phenotype related to this gene-nutrient 

interaction.  
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Introduction 

Hypertension is a major modifiable risk factor for stroke and cardiovascular disease 

(CVD),  and a leading cause of premature mortality worldwide, responsible for over 10 

million deaths annually (Stanaway et al., 2018). The pathophysiology of hypertension is 

complex, involving the interaction of genetics, environmental factors and physiological 

mechanisms (Patel, Masi and Taddei, 2017). Genome wide association studies (GWAS) 

have linked a number of genetic loci with hypertension (Newton-Cheh et al., 2009; Flister 

et al., 2013), including a region near the gene encoding the folate metabolising enzyme, 

methylenetetrahydrofolate reductase (MTHFR). The common MTHFR C677T 

polymorphism produces an enzyme with reduced activity (Frosst et al., 1995) owing to 

lowered affinity for its riboflavin cofactor, (flavin adenine dinucleotide, FAD; Yamada et 

al., 2001). The homozygous MTHFR 677TT genotype affects 2-32% of populations 

worldwide (Wilcken et al., 2003) and meta-analyses have estimated that the variant TT 

genotype is associated with 24-87% increased risk of hypertension and increased risk for 

CVD by up to 40% (McNulty et al., 2017). Previous studies conducted at this Centre, have 

demonstrated that BP is highly responsive to riboflavin supplementation, with evidence 

that systolic BP can be lowered by between 6 to 14 mmHg specifically in individuals with 

the TT genotype (Horigan et al., 2010; Wilson et al., 2012, 2013). This gene-nutrient 

interaction may thus offer a novel approach for BP management among adults with the TT 

genotype in MTHFR, although the underlying mechanism remains unexplained. It is 

possible the phenotype of elevated BP and its response to riboflavin may be owing to 

perturbations in one-carbon metabolism in affected individuals; however, this mechanism 

has not been previously investigated. 

In one-carbon metabolism, FAD-dependent MTHFR generates 5-methyltetrahydrofolate 

(5-MTHF), which is involved in the remethylation of homocysteine to methionine, the 

precursor to S-adenosylmethionine (SAM; Figure 1). As the principal methyl donor, SAM 

transfers methyl groups to over 100 methyltransferases involved in numerous biochemical 

pathways including DNA methylation, histone modification and neurotransmitters (Bailey 

et al., 2015). This transfer, in turn, leads to the formation of S-adenosylhomocysteine 

(SAH), which is subsequently metabolised to homocysteine. DNA methylation, an 

epigenetic process involved in gene transcription and expression, has been implicated in a 

number of disease states across the life-cycle, including CVD (McNulty et al., 2019). The 

ratio of SAM:SAH has been sometimes used as a marker of methylation potential, although 

the validity of this marker requires confirmation (Dominguez-Salas et al., 2013). Choline 
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and betaine can also serve as alternative methyl donors in homocysteine remethylation as 

part of the betaine-homocysteine methyltransferase (BHMT) pathway (Niculescu and 

Zeisel, 2002). Homocysteine can be removed through irreversible condensation with serine 

to cystathionine via the action of cystathionine ß-synthase (CßS), in the pyridoxal-5′-

phosphate (PLP)-dependent transsulfuration pathway. Regulation of the methylation cycle 

is essential to ensure sufficient supply of SAM for methyltransferase reactions. This is 

achieved through the action of SAM as an allosteric inhibitor of MTHFR and an allosteric 

activator of CßS, thus controlling one-carbon flux and homocysteine levels (Scott and 

Weir, 1998).  

Altered concentrations of  SAM and SAH have been reported in TT relative to CC adults 

in some (Davis et al., 2005; Shin et al., 2010) but not all (Lopreato et al., 2008; Ho, Massey 

and King, 2013) studies. In observational analysis of 10,601 Norwegian adults, elevated 

homocysteine and decreased betaine were reported in TT compared to CC genotype 

groups, with no influence of genotype on other one-carbon metabolites (Holm et al., 2007; 

Hustad et al., 2007; Midttun et al., 2007). Sub-optimal status of the B vitamins, folate, 

riboflavin, PLP and cobalamin, which act as nutritional cofactors for the key enzymes in 

the one-carbon pathway (Figure 2), have been previously shown to result in elevated 

homocysteine in adults generally and particularly in those with the variant MTHFR 677TT 

genotype  (Clarke et al., 1998, 2005). The effect of intervention with one or a combination 

of these B vitamins has been shown to modulate homocysteine concentrations (Lamers et 

al., 2004; McNulty et al., 2006; Crider et al., 2011); however, the effect on other one-

carbon metabolites has not been widely investigated, and few studies have considered the 

effect of the MTHFR  genotype.  

Therefore, the aim of this study is to investigate the impact of the MTHFR C677T 

polymorphism on one-carbon metabolites and the responsiveness of one-carbon 

metabolites to riboflavin supplementation (1.6mg/day) in adults with the MTHFR 677TT 

genotype.  The findings of this study could contribute to our understanding of the 

mechanism underpinning the BP phenotype related to this gene-nutrient interaction.  
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Materials and methods 

Subjects and samples 

Plasma samples from participants who had previously participated in studies at the Nutrition 

Innovation Centre for Food and Health (NICHE), Ulster University, and had been screened 

for the MTHFR 677TT genotype were accessed for the current study. In all cases, participants 

provided informed, written consent and agreed for samples to be used in subsequent studies. 

Samples were accessed from the GENOVIT study (ORECNI ref 08/NIR03/40) (Horigan et 

al., 2010), the GENOVIT follow-up study (ORECNI ref 08/NIR03/40) (Wilson et al., 2012) 

and the RIBOGENE study (ORECNI/12/0338). Ethical approval for the analysis reported in 

the current study was granted by Ulster University Research Ethics Committee (FCBMS-18-

040). All three studies had identical inclusion (pre-screened for MTHFR C677T 

polymorphism) and exclusion (history of gastrointestinal, hepatic or renal disease, consumers 

of B vitamin supplements, use of medication known to interfere with B vitamin metabolism) 

criteria. Clinic BP was measured in accordance with guidelines from the National Institute 

of Care and Excellence (National Institute for Health and Care Excellence, 2011). In brief, 

after ten minutes at rest, BP was measured in the reference arm, i.e. the arm with the highest 

BP, with the participant in the seated position. Mean BP was calculated as the average of two 

BP readings within 5 mmHg, with a maximum of six readings obtained. Anthropometry, 

health and lifestyle information and blood samples were collected according to appropriate 

standardised operating procedures as part of each study, described in detail elsewhere 

(Horigan et al., 2010; Wilson et al., 2012).  

The analysis for the current study consisted of both an observational and an intervention 

phase. In the observational phase, participants with the TT genotype were age-matched with 

a similar number of individuals with the CC genotype and compared for general 

characteristics and one-carbon metabolite biomarker status. In the intervention phase, 

biomarker status of methionine, SAM, SAH, SAM:SAH ratio, betaine, choline and 

cystathionine in response to intervention with riboflavin (n 24) and placebo (n 23) were 

investigated (Figure 2).  

B vitamin biomarker analysis  

Riboflavin status was determined at Ulster University using the erythrocyte glutathione 

reductase activation coefficient (EGRac) assay, which measures the enzyme activity of 

glutathione reductase before and after in vitro reactivation with its prosthetic group FAD, as 

described elsewhere (Wilson et al., 2012). EGRac is calculated as the ratio of FAD-

stimulated to unstimulated enzyme activity, with values <1.3 indicating optimal riboflavin 
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status, 1.3-1.4 suboptimal status and >1.4 signifying deficiency. Red blood cell folate 

concentrations, a long-term biomarker of folate status was measured by microbiological 

assay using Lactobacillus casei, as described by Molloy & Scott (Molloy and Scott, 1997).  

Plasma PLP, as a marker of vitamin B6 status, was analysed by HPLC (Bates et al., 1999). 

Plasma homocysteine was analysed by fluorescence polarisation immunoassay for plasma 

homocysteine (Leino, 1999). 

Metabolite analysis 

One-carbon metabolites, apart from homocysteine, were analysed at the Center of 

Metabolomics, Baylor Scott & White Research Institute (Dallas, Texas 75226). 

Determination of methionine, SAM, SAH, betaine, choline and cystathionine in plasma was 

performed by high performance liquid chromatography coupled with electrospray positive 

ionization tandem mass spectrometry (HPLC-ESI-MS/MS) using a method previously 

described with some minor modification (Arning and Bottiglieri, 2016). In brief, 20µl of 

plasma was added to 180µl of isotope internal standards and loaded into a microtiter plate 

before being centrifuged for 60 minutes prior to analysis. The calibration curve for SAM and 

SAH was 25-400-nmol/L, for methionine, betaine and choline; 3.1-50 nmol/L and for 

cystathionine: 125-2000  nmol/L.  Two levels of quality control samples were used to monitor 

within and between day precision of the method. In all cases, the coefficient of variation (cv) 

was less than 15% for all metabolites.  

Statistical analysis 

Statistical analyses were performed using Statistical Package for Social Sciences (SPSS; 

version 25.0; SPSS UK Ltd, Chertsey, UK). Normality tests were carried out on the data and 

data not normally distributed were log transformed before analysis was conducted. 

Differences in general characteristics and one-carbon metabolite status between genotype 

groups (observational cohort) were determined using independent samples t-test. Chi square 

test was used for comparison between categorical variables. To determine the response to 

intervention, within-between repeated-measures ANCOVA was used controlling for baseline 

EGRac. The between-participant factor was the intervention group (placebo compared with 

riboflavin), and the within-participant factor was time (before compared with after 

intervention). Results are presented as mean (SD), unless otherwise stated. P<0.05 was 

considered significant in all analysis carried out. Network analysis was performed with 

visualisation of the networks in a circular layout in corrplot and qgraph packages from R 

(version 3.3.0; R Core Team 2016, Vienna, Austria; www.R-project.org).  
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Results 

General characteristics 

Available plasma samples and data from adults (n 115) screened for the MTHFR genotype, 

and who previously participated in trials to lower BP were accessed. In the observational 

cohort, there were no significant differences in general characteristics between MTHFR 

genotype groups (Table 1). EGRac, the functional indicator of riboflavin status, was similar 

across the groups. PLP and folate biomarkers were significantly lower in those with the TT 

compared to CC genotype. As expected, both systolic and diastolic BP were significantly 

elevated in the TT relative to CC genotype groups (mean difference 16.6 ± 3.4 mmHg, 

P<0.001; 9.0 ± 13.5 mmHg, P<0.001, respectively), and those with the TT genotype were 

more likely to be classed as hypertensive according to current National Institute for Health 

and Care Excellence (NICE) guidelines (2019). There was no difference in use of anti-

hypertensive medications between groups (75% of CC and 83% of TT genotype, P=0.308).  

One-carbon metabolites - observation 

In relation to one-carbon metabolites elevated homocysteine (10.4 ± 3.0 vs 9.3 ± 2.5 µmol/L 

P=0.043) lower SAM concentrations (74.7 ± 21.0 vs 85.2 ± 22.6 nmol/L P=0.013) and lower 

SAM:SAH (1.66 ± 0.55 vs 1.85 ± 0.51, P=0.043) was observed in the TT compared to the 

CC genotype (Table 2). No differences were observed for methionine, SAH, betaine, choline 

or cystathionine by genotype group. Network analysis showed that the nature and strength of 

interrelationships of metabolites and B vitamins within one-carbon metabolism were 

influenced by MTHFR genotype (Figure 3). 

Response to intervention 

As previously reported (Horigan et al. 2010; Wilson et al. 2012; 2013), significant decreases 

were observed in both systolic (-14.0 ± 15.3 mmHg, P=0.030) and diastolic BP (-8.2 ± 11.1 

mmHg, P=0.013) in response to riboflavin supplementation which resulted in a significant 

decrease in EGRac (-0.15 ± 0.16, P<0.001), indicating improved riboflavin status, in those 

with the MTHFR 677TT genotype (Figure 4). No change in red blood cell folate was 

observed.  

Response of one-carbon metabolites to riboflavin intervention among individuals with the 

TT genotype in MTHFR is presented in Table 3. Plasma homocysteine decreased by 0.5 ± 

1.7 µmol/L in the riboflavin group, albeit an effect that was non-significant compared to the 

placebo group. Mean plasma SAM concentration increased significantly in response to 

riboflavin supplementation by 17.3 ± 21.8 (P=0.021), where the nature of this effect was only 
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strengthened when adjusted for baseline riboflavin status (P=0.008). Plasma cystathionine 

concentrations increased by 43.9 ± 91 nmol/L (P=0.021), in response to riboflavin 

supplementation. No other metabolites were affected by riboflavin intervention.  
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Discussion 

The findings of the current study report for the first time that plasma concentrations of the 

one-carbon metabolites, SAM and cystathionine, increase significantly in response to 

riboflavin supplementation in individuals with the MTHFR 677TT genotype. Consistent 

with this finding, we also observed lower concentrations of plasma SAM in individuals 

with the TT compared to the CC genotype. Indeed, after intervention with riboflavin in 

adults with the TT genotype, SAM concentrations increased to levels similar to those 

observed in adults with the CC genotype at baseline. The changes in plasma SAM and 

cystathionine concentrations in response to riboflavin intervention are consistent with the 

genotype specific BP lowering previously reported in response to supplementation with 

riboflavin, thus raising the possibility that the association of this polymorphism with BP 

may be related to perturbations in one-carbon metabolism.  

To our knowledge, this is the first study to investigate the effect of intervention with 

riboflavin on SAM concentrations in adults with the MTHFR 677TT genotype. Previous 

investigations have however, considered the effect of folic acid supplementation on one-

carbon metabolites.  In a small sub-group of patients with the MTHFR 677TT genotype 

from the Verona Heart Study Project, intervention with 5mg/d folic acid resulted in 

significant increases in SAM by 13 nmol/L and the SAM:SAH ratio by 3.3, in addition to 

the expected reductions in homocysteine following 8 weeks of treatment (Pizzolo et al., 

2011). The extent of the change in SAM of almost 20 nmol/L in response to riboflavin 

supplementation observed in the current study is similar, although greater, to these 

previous observations (Pizzolo et al., 2011). As the principal methyl donor, SAM-

dependent methylation regulates fundamental biological processes including nuclear 

transcription, cell signalling, mRNA translation and DNA synthesis (Bailey et al., 2015) 

and altered DNA methylation has been previously been observed in TT relative to CC 

adults (Friso et al., 2002). Supplementing with B vitamins to regulate concentrations of 

SAM in adults with perturbed one-carbon metabolism, owing to genetic variants, could 

thus potentially have important implications for CVD health outcomes.  

Choline and 5-MTHF are considered fungible methyl group sources in one-carbon 

metabolism, and methyl groups from choline can also facilitate homocysteine 

remethylation via the BHMT pathway (Niculescu and Zeisel, 2002). In a study of folate-

deficient males with the TT genotype, intervention with 2200 mg/day choline over 12 

weeks was found to significantly increase plasma SAM concentrations compared to lower 

choline doses of 300-500 mg which were associated with a decreased SAM concentration 
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(Shin et al., 2010). Whilst these studies investigated one-carbon nutrients, BP was not 

considered. To date, research examining the effect of supplementation with B vitamins on 

one-carbon metabolites in adults with the MTHFR 677TT genotype has predominantly 

focused on the established phenotype of elevated homocysteine. Numerous meta-analyses 

demonstrating the responsiveness of homocysteine to supplementation with a combination 

of B vitamins have been published (Clarke et al., 1998, 2005; Wilson et al., 2009); 

however, other one-carbon metabolites apart from homocysteine have received little 

attention in studies of this nature. Trials at our Centre have previously reported that 

riboflavin supplementation lowers homocysteine in TT, but not CC, individuals (McNulty 

et al., 2006; Horigan et al., 2010) although, the response of other one-carbon metabolites 

were not considered. 

Plasma cystathionine significantly increased in response to riboflavin supplementation in 

the current analysis. It is possible that increased availability of SAM, an allosteric activator 

of cystathionine ß-synthase (CßS), in response to riboflavin may potentially have activated 

CßS, thereby increasing homocysteine elimination from the one-carbon pathway and 

generating cystathionine (Scott and Weir, 1998). In addition, riboflavin administered at the 

same dose as the current study (1.6 mg/day) has previously been found to improve PLP 

status in older adults (Madigan et al., 1998) and may thus augment the activity of PLP-

dependent CßS.  

A paucity of evidence exists with respect to investigating the impact of MTHFR genotype 

on SAM and SAH concentrations. Davis et al. (2005) observed elevated SAM in young 

females with the TT relative to CC genotype; however this was not significant. Shin et al. 

(2010), reported increased concentrations of SAH, and decreased SAM:SAH, in Mexican-

American males with the TT, compared to the CC, genotype. These observations are in 

contrast with the findings of the current analysis, where decreased SAM was observed in 

the TT compared to the CC genotype group. Increased transmethylation reaction flux (i.e. 

conversion of SAM to SAH) has been found in females with the TT compared to the CC 

genotype (Davis et al., 2005). In agreement with the latter finding, a number of studies 

have found that the TT genotype is not a determinant of SAM or SAH (Davis et al., 2005; 

van Driel et al., 2009) but that folate status appears to be an important modulator (Ho, 

Massey and King, 2013). Pertubations in one-carbon metabolism can impair the synthesis 

of SAM, and potentially lead to epigenetic alerations (specifically aberrant DNA 

methylation); correspondingly global DNA hypomethylation has been previously reported 

in individuals with the TT compared to CC genotype (Castro et al., 2004; Weiner et al., 
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2014). The ratio of SAM:SAH has been proposed by some as an indicator of methylation 

potential, although confirmation of its validity remains to be established (Dominguez-Salas 

et al., 2013). Methylation regulation enzymes are differentially expressed in human tissues, 

leading to tissue-specific SAM and SAH regulation and therefore methylation capacity. 

Thus systemic SAM:SAH is not necessarily a meaningful indicator of methylation 

potential in all tissues (Dominguez-Salas et al., 2012). In the current analysis, a lower 

SAM:SAH ratio was observed in the TT  compared to CC genotype group, driven by the 

reduced SAM concentrations.  

The observational results of the current analysis are broadly in agreement with those of the 

Norwegian Colorectal Cancer Prevention (NORCCAP) study, where differences in one-

carbon metabolite status in individuals with the TT relative to CC genotype were reported 

in 10,601 adults aged 50–64 years (Holm et al., 2007; Hustad et al., 2007; Midttun et al., 

2007).  In agreement with our baseline analysis, these studies also reported the expected 

phenotype of elevated homocysteine, lower folate and lower PLP concentrations in the TT 

compared to the CC genotype. No MTHFR genotype effect was noted in relation to 

methionine, choline and cystathionine. One notable difference in the observed associations 

reported in the Norwegian cohort compared to the current cohort is in relation to betaine, 

where concentrations among Norwegians were significantly lower in those with the TT 

genotype compared to non-TT genotypes (Holm et al., 2007). Betaine has been suggested 

as a preferential methyl donor in TT males relative to CC males (Yan et al., 2011); 

however, in our analysis no genotype effect was noted with respect to betaine.  
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Strengths and limitations 

This is the first study to consider the effect of the MTHFR cofactor, riboflavin, on one-

carbon metabolites in adults stratified by MTHFR genotype. Available samples were 

accessed from a number of previously conducted randomised controlled trials 

utilising identical dose, duration and study protocols. The one-carbon metabolite 

analysis, which is known to pose analytical challenges, was conducted at a centre with 

considerable expertise in laboratory analysis of one-carbon metabolite biomarkers. 

Furthermore, EGRac is considered the gold standard method for measurement of 

riboflavin biomarker status and this measure was available for all participants. One 

limitation of the current study is the relatively small sample size which may have 

limited the ability to detect small differences in certain metabolites either between 

MTHFR genotypes or in response to riboflavin in those with the TT genotype. 

Additional biomarker information, in particular 5-MTHF, which is generated by the 

MTHFR enzyme, might further add to our understanding of the role of this gene-nutrient 

interaction in BP regulation.  

Conclusion 

In conclusion, this study shows evidence of perturbed one-carbon metabolism 

in individuals with the MTHFR 677TT genotype, in particular reduced concentrations of 

the principal methyl donor, SAM. This study provides the first evidence that altered 

one-carbon flux may be alleviated through riboflavin supplementation in individuals 

with the C677T variant in MTHFR. The findings of this study may shed some 

light on the mechanism underpinning the elevated BP phenotype related to this 

gene-nutrient interaction, which, in turn could influence cardiovascular health outcomes in 

adults. Future studies investigating the effect of riboflavin and other B vitamins on one-

carbon metabolite concentrations are needed to further explore the potential 

mechanisms underlying the effect of this gene-nutrient interaction on BP. 
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Figure 1 Overview of one-carbon metabolism.  

Abbreviations: BHMT, betaine-homocysteine methyltransferase; CβS, cystathionine-β-

synthase; CTH, cystathionine γ-lyase; DHFR, dihydrofolate reductase; dTMP, deoxythymidine 

monophosphate; dUMP, deoxyuridine monophosphate; FAD, flavin adenine dinucleotide; 

GNMT, glycine N-methyltransferase; MAT, methionine adenosyltransferase; MS, methionine 

synthase; MT, methyltransferases; MTHFR, methylenetetrahydrofolate reductase; MTHFD, 

methylenetetrahydrofolate dehydrogenase; SAHH, S-adenosyl homocysteine hydrolase; 

SHMT, serine hydroxymethyltransferase; TS, thymidylate synthase. Adapted from James et al. 

(James et al., 2018).  
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Figure 2 Flow diagram of study population. 

 1CC (wild type) and TT (homozygous) genotypes for the MTHFR C677T polymorphism. 

Adults from existing cohorts pre-screened for MTHFR genotype 
n 115 

Plasma samples analysed by liquid chromatography tandem mass spectrometry         
(LC-MS/MS) to determine levels of one-carbon metabolites  

CC genotype
1
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1
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One-carbon 
metabolites 

B vitamins  

Figure 3. Network analysis to show interrelationships within one-carbon metabolism by MTHFR genotype group: CC, panel a; TT, panel b. 

Positive and inverse associations indicated by green and red edges, respectively. Strength of association indicated by edge thickness. 

Abbreviations: Smk, smoking; SBP, systolic blood pressure; BMI, body mass index; Met, methionine; HCY, homocysteine; Cys, 

cystathionine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SSr, SAM:SAH; Cho, choline; Bet, betaine; B2, riboflavin; 

PLP, Pyridoxal-5’-phosphate; RCF, red blood cell folate. 

(a) (b) 

139



 

Figure 4 Change in riboflavin biomarker (panel a), systolic BP (panel b), and diastolic 

BP (panel c) in those with the MTHFR 677TT genotype in response to supplementation 

with placebo or riboflavin (1.6mg/d) for 16 weeks. For riboflavin biomarker, a decrease 

in EGRac indicates an improvement in riboflavin status.  
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Table 1 

Characteristics of participants by MTHFR genotype (observational cohort n 115) 

Values are mean (SD).  

1 P values refer to differences between genotype groups compared using independent 

samples t-test. Chi square test used for comparison between categorical variables. P<0.05 

considered significant.  

2 Hypertension defined as a BP reading of ≥140mmHg systolic and/or ≥90mmHg diastolic 

BP (National Institute for Health and Care Excellence, NICE, 2019).  

BP, blood pressure; CVD, cardiovascular disease; EGRac, erythrocyte glutathione 

reductase activation coefficient (a marker of riboflavin status where lower EGRac values 

indicate better riboflavin status); PLP, plasma-5’-pyridoxal phosphate.   

 

 MTHFR genotype  
  CC 

(n 68) 
TT 

(n 47) P value1 

Age (years) 54.7 (6.0) 54.3 (6.0) 0.807 

Male sex n (%) 58 (85) 37 (79) 0.361 

BMI (kg/m2) 29.1 (4.9) 29.1 (4.6) 0.956 

Diabetes mellitus n (%) 8 (12) 5 (11) 0.851 

Smoker n (%) 16 (24) 17 (36) 0.141 

Family history CVD n (%) 31 (46) 34 (72) 0.229 

    

B vitamin biomarkers       

Red cell folate (nmol/L) 1055 (557) 809 (385) 0.045 

Serum folate (nmol/L) 12.2 (8.0) 6.7 (4.0) <0.001 

PLP (nmol/L) 72.0 (38.3) 47.5 (22.2) <0.001 

EGRac (riboflavin status) 1.37 (0.18) 1.36 (0.14) 0.788 

    

Blood Pressure  
   

Systolic BP (mmHg) 128.0 (16.6) 144.7 (19.2) <0.001 

Diastolic BP (mmHg) 78.8 (11.9) 87.1 (12.4) <0.001 

Pulse pressure (mmHg) 49.3 (12.4) 57.3 (16.6) 0.004 

Hypertensive2 n (%) 17 (25) 29 (62) <0.001 

BP medications n (%) 51 (75) 39 (83) 0.308 
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Table 2 
One-carbon metabolites by MTHFR genotype (observational cohort, n 115) 

Values are mean (SD).  

1 Differences between genotype groups compared using independent t-tests. P<0.05 

considered significant. 

SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.  

 

 

 

 

 

 

 

 

 

  MTHFR 677CC 

(n 68) 

MTHFR 677TT 

(n 47) 
P value1 

Homocysteine (µmol/L) 9.3 (2.5) 10.4 (3.0) 0.043 

Methionine (µmol/L) 29.5 (7.2) 30.3 (6.7) 0.450 

SAM (nmol/L) 85.2 (22.6) 74.7 (21.0) 0.013 

SAH (nmol/L) 45.0 (10.9) 46.8 (9.8) 0.320 

SAM:SAH ratio 1.85 (0.51) 1.66 (0.55) 0.043 

Betaine (µmol/L) 53.1 (13.7) 50.5 (15.8) 0.194 

Choline (µmol/L) 9.7 (2.1) 9.8 (2.7) 0.869 

Cystathionine (nmol/L) 243 (96) 248 (118) 0.965 
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Table 3  
One-carbon metabolite response to riboflavin intervention in adults with the MTHFR 677TT genotype (n 47) 

Values presented as mean (SD).  

P value refers to time*treatment interaction (repeated measures ANOVA, comparing the effect of treatment vs placebo over time). P<0.05 considered 

significant. 
1 Unadjusted P values.  
2 Adjusted for baseline EGRac.  

SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.  

Placebo 

(n 23) 

Riboflavin 

(n 24) P Value1 P Value2

Pre Post Pre Post 

Homocysteine (µmol/L) 10.2 (3.4) 9.9 (3.4) 10.0 (2.4) 0.860 0.548 

Methionine (µmol/L) 29.4 (5.7) 29.5 (6.6) 30.5 (7.0) 0.213 0.310 

SAM (nmol/L) 74.4 (23.9) 74.3 (18.6) 72.3 (20.1) 0.021 0.008 

SAH (nmol/L) 42.9 (8.9) 36.9 (11.5) 48.1 (9.0) 0.287 0.295 

SAM:SAH ratio 1.73 (0.56) 1.96 (0.60) 1.58 (0.57) 0.192 0.182 

Betaine (µmol/L) 46.7 (16.1) 48.2 (15.9) 51.6 (15.5) 0.854 0.777 

Choline (µmol/L) 9.3 (2.7) 9.3 (2.5) 10.0 (2.61) 0.642 0.816 

Cystathionine (nmol/L) 206 (61) 196 (73) 215 (78) 

9.5 (2.0) 

33.8 (10.0) 

91.8 (27.3) 

43.3 (8.8)  

2.14 (0.78) 

53.9 (18.0) 

10.0 (2.9) 

266 (114) 0.021 0.045 

143



 

Chapter 6   

 

General Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

144



Thesis overview 

The overarching aim of this thesis was to explore the role of B vitamins, one-carbon 

metabolites and the MTHFR C677T polymorphism on blood pressure (BP) and markers of 

vascular health across adulthood. In fulfilment of this aim, the following objectives were 

addressed in the component chapters of this thesis, each presented in the form of a paper 

for publication: a comprehensive literature review which explored the evidence linking B 

vitamins and the MTHFR C677T polymorphism with BP and other measures of vascular 

health (Chapter 2); an investigation of the impact of the MTHFR C677T genotype on BP 

and related central haemodynamic parameters (Chapter 3); an investigation into the effect 

of riboflavin and folic acid intervention on BP in adults aged 19-88 years with the C677T 

polymorphism in MTHFR: findings from the RAFA trial (Chapter 4); and an examination 

of the impact of the MTHFR C677T polymorphism on one-carbon metabolites and the 

response to supplementation with riboflavin (Chapter 5).  

 

Summary of the findings of this thesis 

Folate and the metabolically related vitamin B6 and vitamin B12, through their role in one-

carbon metabolism, have been widely investigated with respect to BP and cardiovascular 

disease (CVD) outcome. An extensive review of the literature (Chapter 2) reported that 

findings from large scale randomised controlled trials (RCTs), investigating the effect of 

optimising B vitamins on cardiovascular health, overall the studies suggested a greater 

benefit for stroke prevention, however the evidence to date remains inconclusive (Lonn et 

al., 2006; VISP, 2006; Lee, et al., 2010; Wang et al., 2012; Wilson et al., 2012). A fourth 

B vitamin, riboflavin, has been shown to be an important modulator of BP in adults with a 

common C677T polymorphism in the gene encoding methylenetetrahydrofolate 

(MTHFR), with significant BP lowering in the range of 6-14 mmHg observed in adults 

with the polymorphism (TT genotype; Horigan et al., 2010; Wilson et al., 2012, 2013). 

The role of folic acid has not been considered in combination with riboflavin in this 

genetically at-risk group who represent 10% of populations globally but can be as high as 

32% in some populations. It is suggested that the mechanism linking this gene-nutrient 

interaction with BP may be mediated by the vasodilator nitric oxide (NO), which is 

challenging to measure in biological samples. Alternative non-invasive measures of 

vascular health may help further our understanding of the role of this polymorphism in 

hypertension, which few studies have considered.  
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The data presented in this thesis provides the first evidence that vascular health is adversely 

affected by the MTHFR C677T polymorphism in healthy adults (Chapter 3). In adults 

from 18-65 years, brachial systolic BP was higher by over 5 mmHg in the TT compared to 

the non-TT (i.e. CC/CT) genotype (P<0.001). This result is clinically meaningful, as it 

places those with the TT genotype at an increased risk of CVD and all-cause mortality 

from early adulthood (Lewington et al., 2002). The findings from this observational 

analysis also demonstrate, for the first time, elevated central pressure in adults with the TT 

relative to the CC genotype; however, other central haemodynamic parameters did not 

differ between the groups. There was a trend for faster PWV, the gold standard 

measurement of assessing arterial stiffness, in the TT genotype group, which reached 

significant difference in the female group only, indicating there may be an additional 

influence of sex on the polymorphism in relation to vascular health. In addition to the 

expected determinants, low riboflavin status was associated with a doubling of incidence 

of hypertension in this cohort.  

 

A novel finding of this thesis was evidence of a stronger BP phenotype in females with the 

TT genotype in Chapter 3. Significant differences by MTHFR genotype were observed 

across all brachial and central BP parameters, with significantly higher brachial and central 

BP in females with the TT compared to non-TT genotype. Of note, pulse pressure, an 

indirect marker of arterial stiffness, was significantly higher in females with the genetic 

variant, with no genotype effect observed in males. Furthermore, PWV, the gold standard 

method for assessing large artery stiffness, was influenced by MTHFR genotype in the 

females only. The intervention study in Chapter 4 was not powered to consider sex 

differences in relation to this polymorphism and vascular health; however, this is an 

important consideration for future studies.  

 

In Chapter 4 riboflavin, either alone or in combination with folic acid, was shown to 

reduce BP compared to placebo in healthy adults with the TT genotype, with the greatest 

response observed when baseline BP was above the median of 136 mmHg. Consistent with 

these findings, intervention with B vitamins also led to significant reductions in mean 

arterial pressure (MAP), the steady component of BP. This was the first time BP lowering, 

in response to B vitamin supplementation, was demonstrated in healthy adults with the TT 

genotype across adulthood. Furthermore, folic acid was shown to be an effective treatment 

in this genetically at-risk group. Previous studies also only considered office BP as a 
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primary outcome measure and this thesis is the first to report central BP response to B 

vitamins in adults with the TT genotype, albeit with a small effect size. 

 

In order to gain a better understanding of the impact of the TT genotype and response to 

riboflavin on the one-carbon pathway, samples from genotype-driven intervention studies 

previously conducted at this Centre were analysed for one-carbon metabolite status 

(Chapter 5). Concentrations of the universal methyl donor, S-adenosylmethionine (SAM) 

were significantly lower in adults with the TT relative to the CC genotype, a phenotype 

that responded significantly to riboflavin intervention, which was consistent with the BP 

changes observed. This study was the first to report a comprehensive profile of one-carbon 

metabolites in adults stratified by MTHFR genotype, and also their response to intervention 

with riboflavin, albeit in a relatively small sample.  

 

Mechanism 

Although the precise biological mechanism explaining the role of the TT genotype in 

hypertension is unknown, nitric oxide (NO) has been postulated to be involved (McNulty 

et al., 2017). Endothelial NO synthase (eNOS), the enzyme responsible for the generation 

of NO, is dependent on a number of cofactors, including riboflavin in its coenzyme forms 

of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). The predominant 

form of folate in the circulation, 5-methyltetrahydrofolate (5-MTHF) shares a similar 

structure to another key cofactor, tetrahydrobiopterin (BH4), which is required for eNOS 

coupling and the generation of NO (Förstermann and Sessa, 2012). 5-MTHF has been 

shown to improve NO-mediated vasodilation in biopsy samples of coronary artery bypass 

graft patients, and concentrations of 5-MTHF were also shown to be lower in patients with 

the TT genotype (Antoniades et al., 2006, 2009). Owing to its extremely short half-life, 

plasma NO cannot be measured accurately in plasma; however, alternative non-invasive 

measures of endothelial function are suitable proxy markers. In the present study, arterial 

stiffness i.e. PWV which is  associated with endothelial function (McEniery et al., 2008), 

was assessed and while significant findings were not observed in response to treatment 

(Chapter 4). PWV was significantly faster in females with the TT compared to CC/CT 

genotypes (Chapter 3).  It is likely that more direct measures of endothelial function, such 

as flow mediated dilation, may be more informative in investigating the role of NO in this 

genetic variant and hypertension and should be considered in future studies stratified by 

sex. 
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A significant body of research has linked elevated homocysteine with CVD, particularly 

stroke (Lee et al., 2010; Wang et al., 2012). Evidence for a causal relationship is not 

convincing and it has been suggested that increased homocysteine concentrations may 

instead be an important marker of perturbed one-carbon metabolism. The effect of 

riboflavin intervention on one-carbon metabolites was examined in Chapter 5 where 

concentrations of S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), the 

SAM:SAH ratio, methionine, betaine, choline and cystathionine in adults with the CC and 

TT genotype in MTHFR were explored. The results demonstrated, for the first time 

significantly lower concentrations of SAM, the universal methyl donor, in adults with the 

TT compared to CC genotype, a phenotype that responded significantly to supplementation 

with riboflavin. DNA methylation has been implicated in a number of disease states, 

including hypertension, and while concentrations of SAM, which donates methyl, or one-

carbon, groups to methylation reactions, were lower in those with the TT genotype, the 

effect of the polymorphism on global or gene-specific DNA methylation remains to be 

confirmed in specifically designed studies. Recent meta-analysis has reported that the TT 

genotype with concurrent low folate status was associated with lower methylation 

(Amenyah et al., 2020); however, the impact of this relationship on health outcomes 

remains to be established.  

 

Implications for public health 

The findings of this thesis have important implications for public health. Hypertension is 

a leading cause of mortality globally and there is a need to identify novel, targeted 

treatments to improve hypertension control rates and reduce the burden associated with 

hypertension on healthcare, the economy and the individual. In this thesis, the phenotype 

of elevated BP was demonstrated in adults with the TT genotype from early adulthood 

(Chapter 3), indicating that these genetically at-risk individuals will reach a hypertensive 

BP of ≥140/90 mmHg at a younger age than matched controls, and as such are at an 

increased risk of CVD. The findings in Chapter 4 confirm the benefits of riboflavin and 

folic acid, either alone or in combination, on BP in a healthy cohort aged 19-88 years, 

previously reported in hypertensive adults with the MTHFR variant. This identifies 

riboflavin, alone or in combination with folic acid as a novel, targeted means of preventing 

elevated BP in these genetically at-risk individuals and should be considered in future 

hypertension-focused public health strategies. This thesis was the first to consider the 

influence of sex on the role of the TT genotype in BP, with evidence of poorer vascular 

health in females with the TT compared to non-TT genotype (Chapter 3). While the 
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number of females investigated in the observational study was small (n 198), and the 

intervention trial was not sufficiently powered to consider sex, this interaction requires 

further investigation in much larger cohorts to confirm the findings. If such an effect is 

found, it would have important implications for maternal health, as hypertension related 

complications, such as pre-eclampsia, affect 10-15% of pregnancies (McNulty et al., 

2017).  

 

Given the global prevalence of the MTHFR C677T polymorphism of 10%, the findings of 

this thesis can impact health at a global level, particularly in countries where the frequency 

of the TT genotype is much higher, e.g. 32% in Mexico, with high rates of hypertension, 

limited access to primary healthcare and fortification with B vitamins is not mandatory. 

 

Strengths and limitations 

The main strengths of this thesis include the genotype driven recruitment which involved 

screening a large cohort of healthy adults across Northern Ireland to identify suitable 

participants to take part in the observational study and the RCT. The observational aspect 

of this thesis includes a sample size of n 498 participants, almost half of whom carried the 

TT genotype. The cohort were well characterised with office BP, a comprehensive profile 

of central haemodynamic parameters, detailed health and lifestyle information including 

medications and a blood sample obtained. The RCT, including 201 adults with the TT 

genotype who completed a 24-week intervention, is the largest riboflavin-BP study 

conducted to date. These studies are not without limitations. Despite being the largest RCT 

conducted to date, the sample size is too small to allow subgroup analysis by age or sex.  

Differences in riboflavin status across treatment groups at baseline, albeit adjusted for in 

the statistical analysis, may have limited the extent of lowering given baseline biomarker 

status to be strong determinant of response. It has; however, highlighted the fact the future 

studies should consider stratification of riboflavin status in the randomisation criteria to 

help avoid this confounder. Central haemodynamic parameters were only assessed in a 

sub-group of the intervention cohort, and given the small effect size observed, it is likely 

greater participant numbers are required. The central haemodynamic parameters measured 

in this thesis may not have been sufficiently robust to detect changes in response to NO 

and more direct measures of endothelial function, such as flow mediated dilation, should 

be considered in future studies. Concentrations of one-carbon metabolites were only 

analysed in a small group of 115 participants, with limits the ability to draw conclusions. 
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Lastly, the genotype-driven B vitamin and BP studies conducted to date have only 

investigated one country, thus the findings require confirmation in other populations.  

 

Conclusions and future work 

In summary, the research presented in this thesis provides evidence to show that: 

• BP is elevated in adults with the variant MTHFR 677TT genotype from 18 to 65 

years. Central BP was also found to be higher in the TT, relative to the CC, 

genotype.  

• The effect of the variant TT genotype on BP appears to be more pronounced in 

females, who also exhibit significantly faster PWV compared to females with CC 

or CT genotypes.  

• BP is responsive to riboflavin and folic acid, administered either alone or in 

combination, in healthy adults with the TT genotype. 

• Concentrations of the principal methyl donor, S-adenosylmethionine (SAM), are 

lower in adults with the TT, relative to the CC, genotype; correspondingly, SAM 

concentrations increase in response to supplementation with riboflavin. Such 

findings shed light on a potential biological mechanism that could explain the 

overall findings, and suggest that the perturbation in one-carbon metabolism owing 

to the MTHFR C677T polymorphism may be linked with BP via impaired cellular 

methylation capacity, which can in turn be corrected with riboflavin and thus lead 

to a genotype-specific lowering of BP in affected individuals. 

 

There is potential for future research arising from the findings of this thesis, including: 

• Further work in the form of RCT’s with a larger sample size in order to fully 

elucidate the independent and combined effects of riboflavin and folic acid on 

systolic, diastolic, mean and pulse pressure are warranted. Such trials should be 

adequately powered to also consider subgroup analysis, including investigation of 

the effects of age and sex, and baseline BP. 

• Given the high prevalence of the MTHFR 677TT genotype, i.e. of 10% globally, 

but as high as 32% in some populations (e.g. Mexico), this effect on BP of this 

gene-nutrient interaction should be confirmed in other populations worldwide in 

order to target treatment in populations where intervention will have the most 

impact.  

150



• Future studies, both observational and interventional in design, should consider 

additional measures of vascular function such as flow mediated dilation.  

• Further mechanistic studies addressing the role of one-carbon metabolism in BP 

should be conducted to more fully investigate the relationship of MTHFR with BP, 

and the responsiveness of BP to B vitamin intervention in adults with the variant 

677TT genotype in MTHFR.  

• The effect of intravenous administration of 5-MTHF and/or riboflavin on BP and 

measures of vascular health should be explored. 

• Differences in concentrations of FAD, the MTHFR cofactor, in adults with and 

without the polymorphism and before and after supplemental riboflavin should be 

investigated.  

• The effect of this polymorphism on DNA methylation has not been firmly 

established. Considering the wealth of available samples and data collected on the 

cohorts sampled for this thesis, future studies could use a candidate gene, or ideally 

a whole genome, approach to investigate the biological role of DNA methylation 

in contributing to the relationship of this polymorphism with vascular function, 

arterial stiffness and BP.  
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Homozygosity for the C677T polymorphism in MTHFR (TT genotype) is associated with a 24e87%
increased risk of hypertension. Blood pressure (BP) lowering was previously reported in adults with the
TT genotype, in response to supplementation with the MTHFR cofactor, riboflavin. Whether the BP
phenotype associated with the polymorphism is related to perturbed one-carbon metabolism is un-
known. This study investigated one-carbon metabolites and their responsiveness to riboflavin in adults
with the TT genotype. Plasma samples from adults (n 115) screened for the MTHFR genotype, who
previously participated in RCTs to lower BP, were analysed for methionine, S-adenosylmethionine (SAM),
S-adenosylhomocysteine (SAH), betaine, choline and cystathionine by liquid chromatography tandem
mass spectrometry (LC-MS/MS). The one-carbon metabolite response to riboflavin (1.6 mg/d; n 24) or
placebo (n 23) for 16 weeks in adults with the TT genotype was also investigated. Plasma SAM
(74.7 ± 21.0 vs 85.2 ± 22.6 nmol/L, P ¼ 0.013) and SAM:SAH ratio (1.66 ± 0.55 vs 1.85 ± 0.51, P ¼ 0.043)
were lower and plasma homocysteine was higher (P ¼ 0.043) in TT, compared to CC individuals. In
response to riboflavin, SAM (P ¼ 0.008) and cystathionine (P ¼ 0.045) concentrations increased, with no
responses in other one-carbon metabolites observed. These findings confirm perturbed one-carbon
metabolism in individuals with the MTHFR 677TT genotype, and for the first time demonstrate that
SAM, and cystathionine, increase in response to riboflavin supplementation in this genotype group. The
genotype-specific, one-carbon metabolite responses to riboflavin intervention observed could offer some
insight into the role of this gene-nutrient interaction in blood pressure.

© 2020 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

Hypertension is a major modifiable risk factor for stroke and
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cardiovascular disease (CVD), and a leading cause of premature
mortality worldwide, responsible for over 10 million deaths
annually [1]. The pathophysiology of hypertension is complex,
involving the interaction of genetics, environmental factors and
physiological mechanisms [2]. Genome wide association studies
(GWAS) have linked a number of genetic loci with hypertension
[3,4], including a region near the gene encoding the folate metab-
olising enzyme, methylenetetrahydrofolate reductase (MTHFR).
The common MTHFR C677T polymorphism produces an enzyme
with reduced activity [5] owing to lowered affinity for its riboflavin
cofactor, (flavin adenine dinucleotide, FAD) [6]. The homozygous
MTHFR 677TTgenotype affects 2e32% of populations worldwide [7]
and meta-analyses have estimated that the variant TT genotype is
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Abbreviations

5-MTHF 5-methyltetrahydrofolate
ANOVA analysis of variance
BHMT betaine-homocysteine methyltransferase
BP blood pressure
CßS cystathionine ß-synthase
cv coefficient of variation
CVD cardiovascular disease
EGRac estimated glutathione reductase activation

coefficient
FAD flavin adenine dinucleotide
GWAS genome wide association study
HPLC-ESI-MS/MS high-performance liquid chromatography;

electrospray positive ionization tandem
mass spectrometry

LC-MS/MS liquid chromatography tandem mass
spectrometry

MTHFR methylenetetrahydrofolate reductase
NICE National Institute of Care and Excellence
NICHE Nutrition Innovation Centre for Food and Health
NORCCAP Norwegian Colorectal Cancer Prevention
PLP pyridoxal-50-phosphate
SAH S-adenosylhomocysteine
SAM S-adenosylmethionine
SD standard deviation
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associated with 24e87% increased risk of hypertension and
increased risk for CVD by up to 40% [8]. Previous studies conducted
at this Centre have demonstrated that BP is highly responsive to
riboflavin supplementation, with evidence that systolic BP can be
lowered by between 6 and 14 mmHg in individuals with the TT
genotype [9e11]. This gene-nutrient interaction thus offers a novel,
nutritional approach for BP management among adults with the
C677T variant in MTHFR, although the underlying mechanism re-
mains unexplained. It is possible the phenotype of elevated BP and
its response to riboflavin may be owing to perturbations in one-
carbon metabolism in affected individuals; however, this mecha-
nism has not been previously investigated.

In one-carbon metabolism, FAD-dependent MTHFR generates
5-methyltetrahydrofolate (5-MTHF), which is involved in the
remethylation of homocysteine to methionine, the pre-cursor to
S-adenosylmethionine (SAM; Fig. 1). As the principal methyl
donor, SAM transfers methyl groups to over 100 methyl-
transferases involved in numerous biochemical pathways
including DNA methylation, histone modification and neuro-
transmitters [12]. This transfer, in turn, leads to the formation of
S-adenosylhomocysteine (SAH), which is subsequently metab-
olised to homocysteine. DNA methylation, an epigenetic process
involved in gene transcription and expression, has been impli-
cated in a number of disease states across the life-cycle, including
CVD [13]. The ratio of SAM:SAH has been sometimes used as a
marker of methylation potential, although the validity of this
indicator requires confirmation [14]. Choline and betaine can also
serve as alternative methyl donors in homocysteine remethyla-
tion as part of the betaine-homocysteine methyltransferase
(BHMT) pathway [15]. Homocysteine can be removed through
irreversible condensation with serine to cystathionine via the
action of cystathionine ß-synthase (CßS), in the pyridoxal-50-
phosphate (PLP)-dependent transsulfuration pathway. Regula-
tion of the methylation cycle is essential to ensure sufficient
supply of SAM to methyltransferase reactions. This is achieved
through the action of SAM as an allosteric inhibitor of MTHFR
and an allosteric activator of CßS, thus controlling one-carbon
flux and homocysteine concentrations [16].

Higher concentrations of SAM and SAH have been reported in TT
relative to CC adults in some [17,18] but not all [19,20] studies. In
observational analysis of 10,601 Norwegian adults elevated ho-
mocysteine and decreased betainewere reported in TTcompared to
CC genotype groups, with no influence of genotype on other one-
carbon metabolites [21e23]. Sub-optimal status of the B vitamins,
folate, riboflavin, PLP and cobalamin, which act as nutritional co-
factors for the key enzymes in the one-carbon pathway (Fig. 2),
have been previously shown to result in elevated homocysteine in
adults generally and particularly by MTHFR genotype [24,25]. The
effect of interventionwith one or a combination of these B vitamins
has been shown to modulate homocysteine concentrations
[26e28]; however, the effect on other one-carbon metabolites has
not been widely investigated, and few studies have considered the
effect of the MTHFR 677TT genotype.

Therefore, the aim of this study is to investigate the impact of
the MTHFR C677T polymorphism on one-carbon metabolite status
and the responsiveness of one-carbon metabolites to riboflavin
supplementation (1.6 mg/day) in adults with the MTHFR 677TT
genotype. The findings of this study could contribute to our un-
derstanding of the mechanism underpinning the BP phenotype
related to this gene-nutrient interaction.

2. Materials and methods

2.1. Subjects and samples

Plasma samples from participants who had previously partic-
ipated in studies at the Nutrition Innovation Centre for Food and
Health (NICHE), Ulster University, and had been screened for the
MTHFR 677TT genotype were accessed for the current study. In all
cases, participants provided informed, written consent and
agreed for samples to be used in subsequent studies. Samples
were accessed from the GENOVIT study (ORECNI ref 08/NIR03/40)
[9], the GENOVIT follow-up study (ORECNI ref 08/NIR03/40) [10]
and the RIBOGENE study (ORECNI/12/0338). Ethical approval for
the analysis reported in the current study was granted by Ulster
University Research Ethics Committee (FCBMS-18-040). All three
studies had identical inclusion (pre-screened for MTHFR C677T
polymorphism) and exclusion (history of gastrointestinal, hepatic
or renal disease, consumers of B vitamin supplements, use of
medication known to interfere with B vitamin metabolism)
criteria. Clinic BP was measured in accordance with guidelines
from the National Institute of Care and Excellence (NICE) [29]. In
brief, after 10 min at rest, BP was measured in the reference arm,
i.e. the armwith the highest BP, with the participant in the seated
position. Mean BP was calculated as the average of two BP read-
ings within 5 mmHg, with a maximum of six readings obtained.
Anthropometry, health and lifestyle information and blood sam-
ples were collected according to appropriate standardised oper-
ating procedures as part of each study, described in detail
elsewhere [9,10].

The analysis for the current study consisted of both an obser-
vational and an intervention phase. In the observational phase,
participants with the TT genotype were age-matched with a similar
number of individuals with the CC genotype and compared for
general characteristics and one-carbon metabolite biomarker sta-
tus. In the intervention phase, biomarker status of methionine,
SAM, SAH, SAM:SAH ratio, betaine, choline and cystathionine in
response to intervention with riboflavin (n 24) and placebo (n 23)
were investigated (Fig. 2).



Fig. 1. Overview of one-carbon metabolism.
Abbreviations: BHMT, betaine-homocysteine methyltransferase; CbS, cystathionine-b-synthase; CTH, cystathionine g-lyase; DHFR, dihydrofolate reductase; dTMP, deoxythymidine
monophosphate; dUMP, deoxyuridine monophosphate; FAD, flavin adenine dinucleotide; GNMT, glycine N-methyltransferase; MAT, methionine adenosyltransferase; MS,
methionine synthase; MT, methyltransferases; MTHFR, methylenetetrahydrofolate reductase; MTHFD, methylenetetrahydrofolate dehydrogenase; SAHH, S-adenosyl homocysteine
hydrolase; SHMT, serine hydroxymethyltransferase; TS, thymidylate synthase. Adapted from James et al. [47].

Fig. 2. Flow diagram of study population. 1CC (wild type) and TT (homozygous) genotypes for the MTHFR C677T polymorphism.
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2.2. Blood sampling

Venipuncture of a vein in the antecubital fossa was conducted
by a trained phlebotomist with the participant in a non-fasting
state. A 25 ml blood sample was obtained into two EDTA vacu-
tainers (9 ml and 4 ml) and two serum vacutainers (8 ml and 4 ml).
All tubes, apart from the 4 ml EDTA tube, were placed immediately
on ice and centrifuged at 3000 rpm for 15 min at 4� Celsius, within
30 min of the venipuncture. Plasma, serum and buffy coat were
removed at this stage. The erythrocytes in the 9 ml EDTA tube were
thrice washed with phosphate buffered saline and these washed
red cells were used for erythrocyte glutathione reductase activation
coefficient (EGRac) analysis. The 4 ml EDTA tube was rolled for
30min, and 50 ml was added to 450 ml of 1% ascorbic acid solution (1
in 10 dilution), fromwhich red blood cell folate was determined. All
fractions were labelled and stored at �80� Celsius in alarm-
controlled freezers with batch analysis of biomarkers conducted
at the end of the study. The samples did not undergo any freeze-
thaw cycles between initial storage and analysis.

2.3. B vitamin biomarker analysis

Riboflavin status was determined at Ulster University using the
erythrocyte glutathione reductase activation coefficient (EGRac)
assay, which measures the enzyme activity of glutathione reduc-
tase before and after in vitro reactivation with its prosthetic group
FAD, as described elsewhere [10]. EGRac is calculated as the ratio of
FAD-stimulated to unstimulated enzyme activity, with values < 1.3
indicating optimal riboflavin status, 1.3e1.4 suboptimal status and
>1.4 signifying deficiency. Red blood cell folate concentrations, a
long-term biomarker of folate status was measured by microbio-
logical assay using Lactobacillus casei, as described by Molloy &
Scott [30]. Plasma PLP, as a marker of vitamin B6 status, was ana-
lysed by high performance liquid chromatography (HPLC) [31].
Plasma homocysteine was analysed by fluorescence polarisation
immunoassay for plasma homocysteine [32].

2.4. Metabolite analysis

One-carbon metabolites, apart from homocysteine, were ana-
lysed at the Center of Metabolomics, Baylor Scott &White Research
Institute (Dallas, Texas 75226). Determination of methionine, SAM,
SAH, betaine, choline and cystathionine in plasma was performed
by HPLC coupled with electrospray positive ionization tandem
mass spectrometry (HPLC-ESI-MS/MS) using a method previously
described with some minor modification [33]. In brief, 20 ml of
plasma was added to 180 ml of isotope internal standards and
loaded into a microtiter plate before being centrifuged for 60 min
prior to analysis. The calibration curve for SAM and SAH was 25-
400-nmol/L, for methionine, betaine and choline; 3.1e50 nmol/L
and for cystathionine: 125e2000 nmol/L. Two levels of quality
control samples were used to monitor within and between day
precision of the method. In all cases, the coefficient of variation (cv)
was less than 15% for all metabolites.

2.5. Statistical analysis

Statistical analyses were performed using Statistical Package for
Social Sciences (SPSS; version 25.0; SPSS UK Ltd, Chertsey, UK).
Normality tests were carried out on the data and data not normally
distributed were log transformed before analysis was conducted.
Differences in general characteristics and one-carbon metabolite
status between genotype groups (observational cohort) were
determined using independent samples t-test. Chi square test was
used for comparison between categorical variables. To determine
the response to intervention, within-between repeated-measures
ANCOVA was used, controlling for baseline EGRac. The between-
participant factor was the intervention group (placebo compared
with riboflavin), and the within-participant factor was time (before
compared with after intervention). Results are presented as mean
(SD), unless otherwise stated. P < 0.05 was considered significant in
all analysis carried out. Network analysis was performed with vis-
ualisation of the networks in a circular layout in corrplot and
qgraph packages from R (version 3.3.0; R Core Team 2016, Vienna,
Austria; www.R-project.org).

3. Results

Available plasma samples and data from adults (n 115) screened
for the MTHFR genotype, and who previously participated in trials
to lower BP were accessed. In the observational cohort, there were
no significant differences in general characteristics betweenMTHFR
genotype groups (Table 1). EGRac, the functional indicator of
riboflavin status, was similar across the groups. PLP, serum and red
blood cell folate concentrations were significantly lower in those
with the TT compared to CC genotype. As previously reported, both
systolic and diastolic BP were significantly elevated in the TT rela-
tive to CC genotype groups (mean difference 16.6 ± 3.4 mmHg,
P < 0.001; 9.0 ± 13.5mmHg, P < 0.001, respectively), and thosewith
the TT genotype were more likely to be classed as hypertensive
according to current NICE guidelines [29]. There was no difference
in use of anti-hypertensive medications between groups (75% of CC
and 83% of TT genotype, P ¼ 0.308).

In relation to one-carbon metabolites, elevated homocysteine
(10.4 ± 3.0 vs 9.3 ± 2.5 mmol/L P ¼ 0.043), lower SAM concentra-
tions (74.7 ± 21.0 vs 85.2 ± 22.6 nmol/L P ¼ 0.013) and lower
SAM:SAH ratio (1.66 ± 0.55 vs 1.85 ± 0.51, P ¼ 0.043) was observed
in the TT compared to the CC genotype (Table 2). No differences
were observed for methionine, SAH, betaine, choline or cys-
tathionine by genotype group. Network analysis showed that the
nature and strength of interrelationships of metabolites and B vi-
tamins within one-carbon metabolism were influenced by MTHFR
genotype (Fig. 3).

As previously reported [9e11], significant decreases were
observed in both systolic (�14.0 ± 15.3 mmHg, P ¼ 0.030) and
diastolic BP (�8.2 ± 11.1 mmHg, P¼ 0.013) in response to riboflavin
supplementation which resulted in a significant decrease in EGRac
(�0.15 ± 0.16, P < 0.001), indicating improved riboflavin status, in
those with the MTHFR 677TT genotype (Fig. 4). No change in red
blood cell folate was observed (data not shown).

Response of one-carbon metabolites to riboflavin intervention
among individuals with the TT genotype in MTHFR is presented in
Table 3. Plasma homocysteine decreased by 0.5 ± 1.7 mmol/L in the
riboflavin group, albeit an effect that was non-significant compared
to the placebo group. Mean plasma SAM concentration increased
significantly in response to riboflavin supplementation by
19.5 ± 20.6 (P ¼ 0.021), where the nature of this effect was only
strengthened when adjusted for baseline riboflavin status
(P ¼ 0.008). Plasma cystathionine concentrations increased by
50.7 ± 92.5 nmol/L (P ¼ 0.021), in response to riboflavin supple-
mentation. No other metabolites were affected by riboflavin
intervention.

4. Discussion

The findings of the current study report for the first time that
plasma concentrations of the one-carbon metabolites, SAM and
cystathionine, increase significantly in response to riboflavin sup-
plementation in individuals with theMTHFR C677T polymorphism.
Coincident with this finding, we also observed lower

http://www.R-project.org


Table 1
Characteristics of participants by MTHFR genotype (observational cohort n 115).

MTHFR 677CC (n 68) MTHFR 677TT (n 47) P value1

Age (years) 54.7 (6.0) 54.3 (6.0) 0.807
Male sex n (%) 58 (85) 37 (79) 0.361
BMI (kg/m2) 29.1 (4.9) 29.1 (4.6) 0.956
Diabetes mellitus n (%) 8 (12) 5 (11) 0.851
Smoker n (%) 16 (24) 17 (36) 0.141
Family history CVD n (%) 31 (46) 34 (72) 0.229

B vitamin biomarkers
Red blood cell folate (nmol/L) 1055 (557) 809 (385) 0.045
Serum folate (nmol/L) 12.2 (8.0) 6.7 (4.0) <0.001
PLP (nmol/L) 72.0 (38.3) 47.5 (22.2) <0.001
EGRac (riboflavin status) 1.37 (0.18) 1.36 (0.14) 0.788

Blood Pressure
Systolic BP (mmHg) 128.0 (16.6) 144.7 (19.2) <0.001
Diastolic BP (mmHg) 78.8 (11.9) 87.1 (12.4) <0.001
Pulse pressure (mmHg) 49.3 (12.4) 57.3 (16.6) 0.004
Hypertensive2 n (%) 17 (25) 29 (62) <0.001
BP medications n (%) 51 (75) 39 (83) 0.308

Values are mean (SD). 1P values refer to differences between genotype groups compared using independent samples t-test. Chi square test used for comparison between
categorical variables. P < 0.05 considered significant. 2Hypertension defined as a BP reading of �140 mmHg systolic and/or �90 mmHg diastolic BP [31]. BP, blood pressure;
CVD, cardiovascular disease; EGRac, erythrocyte glutathione reductase activation coefficient (a marker of riboflavin status where lower EGRac values indicate better riboflavin
status); PLP, plasma-50-pyridoxal phosphate.

Table 2
One-carbon metabolites by MTHFR genotype (observational cohort n 115).

MTHFR 677CC (n 68) MTHFR 677TT (n 47) P value1

Homocysteine (mmol/L) 9.3 (2.5) 10.4 (3.0) 0.043
Methionine (mmol/L) 29.5 (7.2) 30.3 (6.7) 0.450
SAM (nmol/L) 85.2 (22.6) 74.7 (21.0) 0.013
SAH (nmol/L) 45.0 (10.9) 46.8 (9.8) 0.320
SAM:SAH ratio 1.85 (0.51) 1.66 (0.55) 0.043
Betaine (mmol/L) 53.1 (13.7) 50.5 (15.8) 0.194
Choline (mmol/L) 9.7 (2.1) 9.8 (2.7) 0.869
Cystathionine (nmol/L) 243 (96) 248 (118) 0.965

Values are mean (SD). 1Differences between genotype groups compared using in-
dependent t-tests. SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.
P < 0.05 considered significant.

Fig. 3. Network analysis to show interrelationships within one-carbon metabolism byMTHFR
green and red edges, respectively. Strength of association indicated by edge thickness.
Abbreviations: Smk, smoking; SBP, systolic blood pressure; BMI, body mass index; Met, me
adenosylhomocysteine; SSr, SAM:SAH ratio; Cho, choline; Bet, betaine; B2, riboflavin; PLP,
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concentrations of plasma SAM in TT compared to CC genotype
adults. Indeed, after intervention with riboflavin in adults with the
TT genotype, SAM concentrations increased to levels similar to
those observed in adults with the CC genotype at baseline. The
changes in plasma SAM and cystathionine concentrations in
response to riboflavin intervention are consistent with the geno-
type specific BP response previously reported in response to sup-
plementation with riboflavin, raising the possibility that the effect
of this gene-nutrient interaction on BP may be influenced by the
cofactor requirements.

To our knowledge, this is the first study to investigate the effect
of intervention with riboflavin on SAM concentrations in adults
with the MTHFR 677TT genotype. Previous investigations have,
however, considered the effect of folic acid supplementation on
one-carbon metabolites. In a small sub-group of MTHFR 677TT
genotype group: CC, panel a; TT, panel b. Positive and inverse associations indicated by

thionine; HCY, homocysteine; Cys, cystathionine; SAM, S-adenosylmethionine; SAH, S-
Pyridoxal-50-phosphate; RCF, red blood cell folate.



Fig. 4. Change in riboflavin biomarker (panel a), systolic BP (panel b), and diastolic BP
(panel c) in response to supplementation with placebo or riboflavin (1.6 mg/d) for 16
weeks in adults with the MTHFR 677TT genotype. For riboflavin biomarker, a decrease
in EGRac indicates an improvement in riboflavin status.
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patients from the Verona Heart Study Project, 5 mg/d folic acid
resulted in significant increases in SAM by 13 nmol/L and SAM:SAH
ratio by 3.3, in addition to the expected reductions in homocysteine
following 8 weeks of treatment [35]. The extent of the response in
SAM of almost 20 nmol/L observed in the current study in response
to riboflavin is even greater than these previous observations [35].
As the principal methyl donor, SAM-dependent methylation regu-
lates fundamental biological processes including nuclear tran-
scription, cell signalling, mRNA translation and DNA synthesis [12]
and altered DNA methylation has previously been observed in TT
relative to CC adults [36]. Supplementing with B vitamins to
regulate concentrations of SAM in adults with perturbed one-
carbon metabolism owing to genetic variants, could thus poten-
tially have important implications for CVD health outcomes. Pre-
vious studies have linkedmethylationwith hypertension; however,
no one has considered the C677T polymorphism in MTHFR or its
relationship with SAM or BP. This is the first study to show that
riboflavin supplementation in those with the mutant genotype
affects concentrations of SAM and thus, possibly methylation po-
tential. A recent meta-analysis reported lower global methylation
levels with higher systolic BP, diastolic BP and hypertension [37].
The same meta-analysis also reported lower methylation levels of a
number of candidate genes with increased BP; however,MTHFR has
not yet been considered to any great extent. While hypertension
was not considered in a meta-analysis by Amenyah et al., lower
global methylation was reported in those with the TT genotype in
combination with low folate status [38].

Choline and 5-MTHF are considered fungible methyl group
sources in one-carbonmetabolism, andmethyl groups from choline
can also facilitate homocysteine remethylation via the BHMT
pathway [15]. In a study of folate-deficient males with the TT ge-
notype, intervention with 2200 mg/day choline over 12 weeks was
found to significantly increase plasma SAM concentrations
compared to lower choline doses of 300e500 mg which were
associated with a decreased SAM concentration [18]. Whilst these
studies investigated one-carbon nutrients, BP was not considered.
To date, research examining the effect of supplementation with B
vitamins on one-carbon metabolites in adults with the MTHFR
677TT genotype has predominantly focused on the established
phenotype of elevated homocysteine. Numerous meta-analyses
demonstrating the responsiveness of homocysteine to supple-
mentation with a combination of B vitamins have been published
[24,25,39]; however, other one-carbon metabolites apart from
homocysteine have received little attention in studies of this na-
ture. Studies at our Centre have previously reported that riboflavin
supplementation lowers homocysteine in TT, but not CC, in-
dividuals, although, the response of other one-carbon metabolies
were not considered [9,26].

Plasma cystathionine concentrations significantly increased in
response to riboflavin supplementation in the current analysis. It is
possible that increased availability of SAM, an allosteric regulator of
cystathionine ß-synthase (CßS), in response to riboflavin may
potentially have activated CßS, thereby increasing homocysteine
elimination from the one-carbon pathway and generating cys-
tathionine [16]. In addition, riboflavin administered at the same
dose as the current study (1.6 mg/day) has previously been found to
improve PLP status in older adults [40] and may thus augment the
activity of PLP-dependent CßS. Consistent with earlier findings
reported by Midttun and colleagues [23] lower PLP concentrations
were observed in the current study in participants with the TT
genotype. Those with the MTHFR 677TT genotype have reduced
affinity for their riboflavin cofactor, FAD [6], thus are likely to have
an increased requirement for riboflavin. Considering that cells
appear to have a tendency to spare FAD at the expense of flavin
mononucleotide (FMN) [41] it is possible that FMN-dependent
pathways (such as the pathway required to convert vitamin B6
into active PLP) may be compromised in those with the mutant
genotype, leading to reduced vitamin B6 metabolism and thus
lower PLP concentrations.

A paucity of evidence exists with respect to investigating the
impact of MTHFR genotype on SAM and SAH concentrations. In a
cohort of Mexican-American males, Shin et al., reported increased
concentrations of SAH and decreased SAM:SAH ratio in those with
the TT compared to the CC genotype [18]. Davis et al., observed
elevated SAM in young females with the TT relative to CC genotype;



Table 3
One-carbon metabolite response to riboflavin intervention in adults with the MTHFR 677TT genotype (n 47).

Placebo (n 23) Riboflavin (n 24) P Value1

Pre Post Pre Post Model 1 Model 2

Homocysteine (mmol/L) 10.2 (3.4) 9.9 (3.4) 10.0 (2.4) 9.5 (2.0) 0.860 0.548
Methionine (mmol/L) 29.4 (5.7) 29.5 (6.6) 30.5 (7.0) 33.8 (10.0) 0.213 0.310
SAM (nmol/L) 74.4 (23.9) 74.3 (18.6) 72.3 (20.1) 91.8 (27.3) 0.021 0.008
SAH (nmol/L) 42.9 (8.9) 36.9 (11.5) 48.1 (9.0) 43.3 (8.8) 0.287 0.295
SAM:SAH ratio 1.73 (0.56) 1.96 (0.60) 1.58 (0.57) 2.14 (0.78) 0.192 0.182
Betaine (mmol/L) 46.7 (16.1) 48.2 (15.9) 51.6 (15.5) 53.9 (18.0) 0.854 0.777
Choline (mmol/L) 9.3 (2.7) 9.3 (2.5) 10.0 (2.61) 10.0 (2.9) 0.642 0.816
Cystathionine (nmol/L) 206 (61) 196 (73) 215 (78) 266 (114) 0.021 0.045

Values presented as mean (SD). 1 P value refers to time*treatment interaction (repeated measures ANOVA, comparing the effect of treatment vs placebo over time). Model 1:
unadjusted, Model 2: adjusted for baseline EGRac. P < 0.05 considered significant. SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.
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however this was not significant [17]. This is in contrast with the
findings of the current analysis, where decreased SAMwas observed
in the TT compared to CC genotype group. Increased trans-
methylation reaction flux (i.e. conversion of SAM to SAH) has been
found in females with the TT compared to the CC genotype [42]. A
number of studies have found that the TT genotype is not a deter-
minant of SAM or SAH [17,43] but folate status appears to be an
important modulator of this effect [20]. Pertubations in one-carbon
metabolism can impair the synthesis of SAM, and potentially lead
to epigenetic alerations (specifically aberrant DNA methylation);
correspondingly global DNA hypomethylation has been previously
reported in individualswith the TTcompared to CC genotype [44,45].
The ratio of SAM:SAH has been proposed by some as an indicator of
methylation potential, although confirmation of its validity remains
to be established. Methylation regulation enzymes are differentially
expressed in human tissues, leading to tissue-specific SAM and SAH
regulation and therefore methylation capacity. Thus, systemic
SAM:SAH ratio is not necessarily a meaningful indicator of methyl-
ation potential in all tissues [14]. In the current analysis, lower
SAM:SAH ratio was observed in the TT compared to CC genotype
group, driven by the reduced SAM concentrations. However, these
results are at odds with another study that reported the MTHFR
genotype did not influence the ratio of SAM:SAH [43].

The observational results of the current analysis are broadly in
agreement with those of the Norwegian Colorectal Cancer Pre-
vention (NORCCAP) study, where differences in one-carbon
metabolite status in individuals with the TT relative to the CC ge-
notype were reported in 10,601 adults aged 50e64 years [21e23].
In agreement with our baseline analysis, these studies also reported
the expected phenotype of elevated homocysteine, lower folate and
lower PLP concentrations in the TT compared to the CC genotype.
No MTHFR genotype effect was noted in relation to methionine,
choline and cystathionine. One notable difference in the observed
associations reported in the Norwegian cohort compared to the
current cohort is betaine, where concentrations among Norwegians
were significantly lower in those with the TTgenotype compared to
non-TTgenotypes [22]. Betaine has been suggested as a preferential
methyl donor in TT males relative to CC males [46]; however, in our
analysis no genotype effect was noted with respect to betaine.
4.1. Strengths and limitations

This is the first study to consider the effect of the MTHFR
cofactor, riboflavin, on one-carbon metabolites in adults stratified
byMTHFR genotype. Samples from a number of carefully conducted
randomised controlled trials utilising identical dose, duration and
study protocols were accessed. The one-carbonmetabolite analysis,
which is known to pose analytical challenges, was conducted at a
centre with considerable expertise in laboratory analysis of one-
carbon metabolite biomarkers. Furthermore, EGRac is considered
the gold standard method for measurement of long-term riboflavin
status and this measure was available for all participants. One
limitation of the current study is the relatively small sample size
which may have limited the ability to detect small differences in
certain metabolites either between genotypes or in response to
riboflavin. Additional biomarker information, in particular 5-MTHF,
which is generated by theMTHFR enzyme, might further add to our
understanding of the role of this gene-nutrient interaction in BP
regulation. The intervention could also be extended to those with
MTHFR 677CC genotype.

5. Conclusion

In conclusion, this study shows evidence of perturbed one-
carbon metabolism in individuals with the MTHFR C677T poly-
morphism, in particular reduced concentrations of the principal
methyl donor, SAM. This study provides the first evidence that
altered one-carbon flux may be alleviated through riboflavin sup-
plementation in individuals with the C677T variant in MTHFR. The
findings of this study may shed some light on the mechanism un-
derpinning the elevated BP phenotype related to this gene-nutrient
interaction, which, in turn could influence health outcomes in adult
cohorts. Future studies investigating the effect of riboflavin and
other B vitamins on one-carbon metabolite concentrations, are
needed to further explore the potential mechanisms underlying the
effect of this gene-nutrient interaction on BP among individuals
with the MTHFR 677TT genotype.
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Ambulatory blood pressure response to riboflavin supplementation in adults with the C677T
polymorphism in the folate metabolising enzyme methylenetetrahydrofolate reductase (MTHFR)
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Background: Epidemiological evidence suggests that the C677T polymor-
phism in the folate metabolising enzyme MTHFR is associated with a 24–
87% increased risk of hypertension. Riboflavin (a cofactor for MTHFR) can
modify this phenotype, as demonstrated in a series of RCTs, at this centre.
ABPM measures BP over 24hrs and provides a more reliable assessment
of an individual’s BP compared to clinic BP.
Aim: To investigate the effect of riboflavin supplementation on BP (by
ABPM) in adults with the MTHFR 677TT genotype.
Methods: Adults (n=3462) were recruited and screened for the MTH-
FRTT genotype and those eligible (n=81), were stratified by baseline SBP
and randomised to receive riboflavin (10mg/day/16weeks) or placebo. Ri-
boflavin status was measured using the erythrocyte glutathione reductase
activation coefficient (EGRac) assay and clinic and ABPM were measured
in accordance with clinical guidelines.

Results: Mean 24hr, daytime and night-time SBP was 6mmHg higher
(p<0.05) in adults with the TT v CC genotype. BP response to riboflavin
was strongly dependent on baseline BP. In participants with a baseline
SBP≥125mmHg, riboflavin resulted in a significant BP lowering in daytime
SBP (Table).
Conclusion: This is the first study to show, using ABPM, that riboflavin
supplementation, targeted at adults with the MTHFR 677TT genotype, re-
sults in significant lowering of mean, day and night BP. Given the frequency
of this genotype worldwide (approximately 10%, but as high as 30% in
some populations) these findings could offer a personalised approach for
BP management in at-risk sub-populations.

Day-time SBP response to riboflavin

Treatment Placebo P-value

Age 48.6 (11.3) 47.8 (12.0) 0.823
Male n (%) 17 (73.9) 12 (46.2) 0.093
BMI 28.8 (3.8) 27.2 (3.1) 0.131
Riboflavin status (EGRac)†

Pre 1.33 (1.28–1.38) 1.29 (1.24–1.34)
Post 1.20 (1.14–1.25) 1.31 (1.25–1.36) <0.001
Change −0.12 0.02

Daytime BP (mmHg)‡

Pre 137.1 (132.7–141.3) 134.7 (130.3–139.1)
Post 133.0 (128.9–138.1) 134.8 (130.6–139.1) 0.036
Change −3.8 −0.2

ANCOVA, adjusting for sex. †Higher EGRac values indicate lower riboflavin status;
‡mean of participant daytime/awake hrs personalised for each participant.
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O-04 Central pressure in healthy adults stratified by 
MTHFR 677 genotype

Martina Rooney*1, Catherine Hughes1, Michelle 
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1Ulster University, Coleraine, United Kingdom

Introduction: Hypertension is the leading risk factor for 
cardiovascular disease (CVD). A common C677T poly-
morphism in the folate metabolising enzyme, methylenete-
trahydrofolate reductase (MTHFR) is associated with an 
increased risk of hypertension by 24–87%. Randomised 
controlled trial evidence from our Centre has demonstrated 
that riboflavin, the MTHFR cofactor, can lower blood 
pressure (BP) by 5–13 mmHg, an effect confined to 
homozygous individuals (TT genotype). To date, our trials 
have focused on peripheral BP; however, central pressure, 
which is more closely correlated with CVD risk, may offer 
further insight into the role of this gene-nutrient interaction 
in BP. The aim of this study was to investigate both 
peripheral and central BP in apparently healthy adults, 
stratified by MTHFR genotype.

Methods: Adults aged 18–60 years recruited from 
workplaces across Northern Ireland were screened for 
MTHFR genotype. Individuals with TT genotype were age-
and sex-matched to CC/CT controls. Brachial BP and 
central BP (SphygmoCor®, AtCor Medical, Australia) were 
measured. A blood sample and lifestyle information were 
also obtained.

Results: Preliminary results (n 409) confirm elevated BP 
in individuals with the MTHFR 677TT genotype compared 
to CC/CT controls (systolic BP 134.7 ± 13.8 mmHg vs. 
129.7 ± 12.4 mmHg, P < 0.001; diastolic BP 81.6 ± 9.5 
mmHg vs 79.7 mmHg ± 8.9 mmHg, P = 0.023). The 
MTHFR 677TT genotype group had significantly higher 
central systolic BP (119.4 ± 11.8 vs 116.7 ± 10.9 mmHg, P 
= 0.018), central pulse pressure (P = 0.006) and central 
mean pressure (P = 0.011) compared to the non-TT group. 
No significant differences for central diastolic BP, pulse 
pressure amplification, pulse pressure ratio and augmenta-
tion index were observed.

Conclusions: This study confirms the phenotype of 
elevated BP in individuals with the MTHFR 677TT geno-
type. For the first time elevated central systolic BP, pulse 
pressure, and central mean pressure in these genetically at-
risk adults is demonstrated. The effect of riboflavin, the 
MTHFR cofactor, on measures of central pressure warrants 
further investigation.
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Measures of vascular health in a cohort of healthy 
adults stratified by MTHFR genotype
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Introduction: Hypertension is the leading cause of 
preventable, premature mortality. A common poly-
morphism, the C677T mutation in the gene encoding the 
folate metabolising enzyme methylenetetrahydrofolate 
reductase (MTHFR), affects 10% of the UK and Irish 
populations, and is associated with a 24–87% increased 
risk of hypertension across different populations glob-
ally. Previous studies at our centre and elsewhere have 
confirmed significantly higher blood pressure (BP) in 
hypertensive adults with the variant MTHFR 677TT 
genotype. The mechanism linking this genetic factor 
with higher BP is currently unknown, but may involve a 
nitric oxide (NO)-mediated effect on endothelial func-
tion(1). The aim of this study, therefore, was to investi-
gate BP and endothelial function in generally healthy 
adults stratified by MTHFR genotype.

Methods: Adults aged 18–60 years (42.3 ± 10.5 years), 
were recruited from workplaces across Northern Ireland and 
screened for the MTHFR C677T polymorphism. Participants 
were invited to an appointment where health and lifestyle 
information, anthropometric measurements, BP (OMRON, 
Netherlands) and pulse wave velocity (PWV; SphygmoCor, 
Australia) were assessed.

Results: Preliminary results from a subset (n = 108) of the 
study cohort show that systolic BP is significantly higher in 
participants with the TT compared to CC genotype (137.1 
mmHg vs. 128.5 mmHg, P = 0.033). Similarly, PWV (7.3 m/s 
vs. 6.4 m/s, P = 0.047) and pulse pressure amplification(PPA; 
14.45mmHgvs7.55 mmHg, P = 0.03) were significantly higher 
in the TT compared to the CC genotype group.

Conclusions: In this study of apparently healthy adults, 
individuals with the MTHFR 677TT genotype have elevated BP 
and poorer endothelial function com-pared to their age-
matched CC genotype counterparts, with potential 
consequences for CVD risk. Further stu-dies exploring the 
mechanism linking this genetic factor with hypertension are 
warranted.
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B-Vitamins, blood pressure and endothelial compliance in healthy adults
stratified by MTHFR genotype

M. Rooney, M. Clements, C.F. Hughes, H. McNulty, J.J. Strain and M. Ward
Nutrition Innovation Centre for Food and Health (NICHE), Ulster University, Cromore Rd, Coleraine, BT55 1SA,

Northern Ireland.

Hypertension affects 1 billion people worldwide and is a primary public health concern as the leading cause of premature mortality. A
common polymorphism, the C677 T mutation in the gene, MTHFR, encoding the enzyme methylenetetrahydrofolate reductase
(MTHFR) affects 12% of the UK and Irish population and is associated with an increased risk of hypertension(1). The activity of
MTHFR, which generates the predominant co-factor form of folate, 5 methyl-tetrahydrofolate, is dependent on flavin adenine
dinucleotide (FAD), the co-enzyme form of riboflavin. Individuals homozygous for the MTHFR 677TT genotype have reduced
MTHFR enzyme activity resulting in lower 5 methyl-THF concentrations(2), however previous randomised controlled trials at our
Centre have shown that blood pressure (BP) is highly responsive to riboflavin supplementation specifically in individuals with the
TT genotype(3). The mechanism explaining how this gene-nutrient interaction influences BP is unknown, but it may involve a nitric
oxide (NO)-mediated effect on endothelial function(1). The aim of this study was to investigate BP and endothelial function in adults
stratified by MTHFR genotype.

Healthy individuals, aged 18–60 years, were recruited from workplaces across Northern Ireland and screened for MTHFR
genotype. Participants were invited to an appointment where health and lifestyle information, anthropometry, BP and endothelial
function were assessed and a blood sample was taken. Pulse wave velocity (PWV) and augmentation index (AIx), which are indices
of endothelial function, were measured with a SphygmoCor (AtCor Medical, Australia). BP, PWV and AIx were compared across the
MTHFR genotypes.

Preliminary results in a subset of the study cohort, summarised in the table above, show that systolic BP is markedly higher in par-
ticipants with the TT genotype, compared to CC and CT genotypes, with a similar, albeit non-significant, trend for diastolic BP. Pulse
wave velocity was significantly higher in individuals with the TT compared to CC genotype, indicating poorer endothelial compliance
in this genetically at-risk group.

In conclusion, this study has shown for the first time that individuals with the MTHFR TT genotype have poorer endothelial func-
tion compared to their age-matched CC genotype counterparts. Further research investigating the effect of riboflavin (and folate) sta-
tus on measures of vascular function is required, in order to further our understanding of the mechanism explaining this novel
gene-nutrient interaction in BP.
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All (n = 108) CC (n = 22) CT (n = 24) TT (n = 62)
Mean SD Mean SD Mean SD Mean SD P

Age (years) 42·32 10·49 42·05 10·25 39·67 11·39 43·45 16·19 0·384
Male (%) 65 (60%) 14 (64%) 13 (54%) 38 (61%) 0·512
SBP mmHg 133·3 14·2 128·5a 11·0 128·0a 8·6 137·1b 15·78 <0·001
DBP mmHg 81·0 10·7 77·7 7·7 80·4 9·4 82·5 9·4 0·112
AIx (%) 20·19 14·31 14·36 14·00 21·21 16·90 21·85 12·99 0·118
PWV (m/s) 7·13 1·44 6·42a 1·15 7·33ab 1·66 7·30b 1·38 0·035

Differences between groups were assessed by ANOVA; values within a row with different superscript letters are significantly different, by Tuckey post-hoc test.
Abbreviations: AIx, augmentation index; DBP, diastolic blood pressure; PWV, pulse wave velocity; SBP. Systolic BP.
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Research Protocol 
 
Title: Blood pressure lowering effect of B-vitamins in adults with a genetic pre-disposition to 
elevated blood pressure. 
 
Background: 
The global disease burden of elevated blood pressure (BP) is staggering, accounting for 14% 
of deaths worldwide (7.6 million)1, and an estimated 10% of global healthcare expenditure2. 
Despite the wide availability of clinically effective antihypertensive drugs, global hypertension 
control rates are poor, ranging from 50% in the US3 to as low as 20% in European and Asian 
countries4. 
 
The exact pathophysiology of hypertension remains unclear and in the majority of cases no 
single cause is identifiable. However, emerging research investigating the impact of common 
genetic variants on BP has enabled a more detailed understanding of the biological processes 
underlying BP control5,6. One such variant is the 677C→T polymorphism in the gene encoding 
the folate-metabolizing enzyme methylenetetrahydrofolate reductase (MTHFR). The frequency 
of this variant enzyme is reported to be 10% worldwide, but can range from 4-18% in the 
United states, 20% in China and as high as 32% in Mexico7. 
MTHFR acts as a methyl donor in the reduction of 5,10-methylenetetrahydrofolate to 5-
methyltetrahydrofolate, an essential step in homocysteine metabolism. The 677C→T 
polymorphism produces a variant enzyme with decreased activity resulting in impaired folate 
metabolism and higher homocysteine in vivo8,9,10; an effect found to be particularly marked in 
individuals with low folate status11. Various meta-analysis have shown that individuals who 
are homozygous for this polymorphism (TT genotype) have a significantly higher risk of 
cardiovascular disease (CVD) (by 14 to 21%) compared to those without this genetic 
factor12,13,14. Recent investigations have identified a strong association between the 
polymorphism and BP15,16,17, reporting elevated BP in individuals with the TT genotype18; an 
effect that may be independent of homocysteine concentrations19.  
 
The B-vitamin riboflavin, in its co-enzymatic form FAD (flavin adenine dinucleotide) is 
required as a cofactor for the MTHFR enzyme. The decreased enzyme activity evident in 
individuals with the TT genotype results from the increased propensity of the enzyme to 
dissociate from its FAD cofactor20,21. However, supplementation with riboflavin appears to 
stabilize the variant enzyme in vivo; with the greatest effects seen in those with the lowest 
baseline riboflavin status22. Further to this, Horigan et al. (2010) reported the elevated BP 
observed in high-risk CVD patients with the TT genotype (compared to those without the 
polymorphism) was highly responsive to low-dose riboflavin (1.6mg/d for 16 weeks)23. A 
cross-over, 4-year follow-up study (ref: 08/NIR03/40), confirmed how stabilizing the flawed 
MTHFR enzyme by riboflavin supplementation resulted in significant BP lowering in high-risk 
CVD patients with the TT genotype.  
 
Observational studies have shown a significant association between homocysteine 
concentrations and BP; however numerous secondary prevention trails aimed at lowering the 
risk of re-occurring CVD events demonstrated little or no BP lowering response to B-vitamin 
intervention, despite the marked lowering of homocysteine concentrations24,25,26,27,28. None of 
these or indeed any other studies have however examined BP response to folic acid specifically 
in individuals with the TT genotype. It is possible that supplementation with folic acid could 
show significant benefits to blood pressure and furthermore the combination of folic acid and 
riboflavin could indeed contribute to additional BP lowering effects in this genetically pre-



disposed group of hypertensive individuals. If shown, such findings could have major public 
health benefits in the primary and secondary prevention of CVD in genetically at-risk 
hypertensive individuals who represent approximately 10% of the NI population. 
 
Study Aims: 
The aim of this study is to compare the combined and independent effects of intervention with 
riboflavin and folic acid on blood pressure in individuals with the 677C→T polymorphism in 
MTHFR. This will be achieved by conducting a double-blind placebo-controlled intervention 
study. 
 
Study Design and Methods: 
Recruitment:  
Hypertensive patient phase: Potential participants with hypertension will be recruited from 
research studies previously conducted in the Northern Ireland Centre for Food and Health at 
the University of Ulster, that have previously been approved by either the Office for Research 
Ethics Committees Northern Ireland (ORECNI) or the University of Ulster Research Ethic 
Committee (UUREC). Those who participated in such studies have been pre-screened for the 
MTHFR 677C→T polymorphism, a genetic risk factor associated with high blood pressure. 
Eligible participants who stated that they do not wish to be re-contacted for participation in 
future research studies will not be invited to participant in the current study.  
Healthy control phase; Individuals from the wider community will have their blood pressure 
measured and will be screened for the MTHFR 677TT polymorphism. Eligible participants (i.e. 
those with the MTHFR TT genotype, a systolic BP ≥125mmHg and meet the intervention 
inclusion criteria) will be invited to participate in the study.  
Observation phase: Those with the MTHFR 677TT genotype who do not meet the intervention 
inclusion criteria in addition individuals with the MTHFR 677 CC/CT genotypes will be invited 
to participate in the baseline assessment of the study.  
Written consent will be obtained from those who agree to take part.  
 
Sample size: Sample size calculations were based on the systolic blood pressure lowering effect 
of riboflavin achieved in a previous study performed at this centre (Horigan et al, 2010). The 
minimum sample size required for detecting an effect of riboflavin on systolic blood pressure 
is 41 subjects in each treatment group (accounting for a 20% dropout rate). The type I error 
rate was 0.05, with the desired power of 0.80. There will be a total of up to 714 volunteers (164 
patients with the MTHFR 677TT genotype, up to 200 healthy controls with the MTHFR 677TT 
genotype for intervention phase and up to 350 individuals for the observation phase) 
 
Suitability: Potential participants will be contacted by telephone. The study will be fully 
explained to them and they will be invited to participate once current suitability is established 
according to the exclusion and inclusion criteria Individuals will be excluded if they have a 
history of gastrointestinal, hepatic, renal or haematological disorders, on B-vitamin 
supplements (including multi-vitamins containing B-vitamins), anticonvulsant therapy or any 
other drugs known to interfere with folate/B-vitamin metabolism. Such inclusion and exclusion 
criteria will be reconfirmed during the initial telephone contact to ensure that participants are 
still eligible to take part in this study. Individuals that are suitable and that verbally agree to 
participate will be sent a participant information sheet and given at least forty-eight hours to 
consider the written information and decide whether they wish to participate. 
 
 
 



Study Design:  
Participants who have given informed consent will be stratified into tertiles of blood pressure 
and subsequently randomised within each stratum to receive the placebo, 1.6mg/d of riboflavin, 
0.4mg of folic acid or riboflavin (1.6mg/d)/folic acid (0.4mg/d) combination for the total 
intervention period of 24 weeks in each group). The riboflavin dose of 1.6mg/d is the 
recommended nutrient intake (RNI) for an adult and has shown recently to lower BP 
significantly. The folic acid dose (0.4mg) is a low dose recommended to pregnant woman and 
so no safety concerns exist. 
 
In order to reduce researcher and participant bias, this will be a double-blind intervention study 
so that neither the researchers nor participants will be aware of individual groupings. All 
participants, depending on geographical determinants and feasibility, will be asked to attend 
an  appointment at Belfast City Hospital, Altnagelvin Area Hospital, the Northern Ireland 
Centre for Food & Health (NICHE) (University of Ulster, Coleraine) or at their home if most 
convenient. Adults with the MTHFR 677 TT genotype will then participate on the 24 week 
intervention phase of the study and will be asked to attend another appointment at the end of 
the intervention period. At both sampling pointst BP, pulse wave velocity and pulse wave 
analysis will be measured and a 30ml blood sample taken by a trained phlebotomist. The 
participant’s weight (kg), height (m), waist circumference (cm), BMI (kg/m2) and blood 
pressure (SBP/ DBP mmHg) will be noted on the data collection form (Appendix 5) at each 
visit. For the hypertensive group, relevant clinical information, such as BP medication and 
medical history will be retrieved from the records collected in the previous research study and 
reconfirmed during the study appointment. A health and lifestyle questionnaire (appendix 11) 
will be used to record this information in healthy controls.  
 
Due to the fact that BP varies throughout the day, every effort will be made to ensure that BP 
measurements, for each sampling point, are taken at approximately the same time, thus 
reducing measurement variability. BP will be measured with the participant seated, relaxed and 
quiet with their arm outstretched and supported. At each visit two BP measurements will be 
taken (from the previously identified reference arm) 10 minutes apart and the mean calculated. 
If there is a difference of greater than 5mmHg between the two blood pressure readings, further 
readings will be taken until an acceptable agreement is achieved. The mean of the two closest 
values will then be calculated. This ensures blood pressure measurements are as accurate as 
possible.  
 
Laboratory Methods: 
Blood samples will be analysed for the following; plasma homocysteine (immunoassay), serum 
B12 (microbiological assay), serum and red blood cell folate (microbiological assay) at Trinity 
College Dublin; riboflavin status will be determined by the measurement of erythrocyte 
glutathione reductase activation coefficient (EGRac) and vitamin B6 status will be determined 
by the measurement of pyridoxal phosphate (PLP) using high performance liquid 
chromatography (HPLC) both of which will be carried out in the University of Ulster. A full 
blood count will be performed at the Biochemistry and Haematology laboratories in 
Altnagelvin Hospital or the University of Ulster.  
 
Statistical Methods: 
Statistical analysis will be performed using SPSS (Statistical Package for Social Sciences, 
Version 23.0; SPSS UK Ltd, Chersey, United Kingdom). The data will be statistically adjusted 
for confounders. Pre and post intervention data will be summarised both in graphical and 
tabular form. Data that is not normally disturbed will be transformed to obtain normality before 



statistical analysis is performed. Data will be analysed to investigate the independent and 
combined effect of folic acid and riboflavin intervention on BP.  
 
Data Management: 
The PhD research student will be responsible for running the study under the supervision of 
two senior staff members of the University of Ulster, who are the academic supervisors of the 
PhD research student. The researcher, along with one MSc student will be responsible for the 
collection, input and analysis of the study data. Each participant will be assigned a unique 
identification code which ensures that all files and data are kept anonymous. The file containing 
participant study identification codes and personal details will be kept under secure conditions 
by the Chief Investigator, in a password controlled computer system with access for the 
research group only. Any hard copies of the data will be kept under locked conditions, designed 
for the purpose. The Chief Investigator will be custodian and have control of the data generated 
from the study.    
 
 
Ethical considerations: 
In order to minimise any risk of damage to the health of the subject, pain, discomfort, distress 
or inconvenience of any type, standard operating procedures will be followed.  
 

1.) Informed consent – the potential participants will be given both written and oral 
information regarding the study and adequate time to decide whether or not to 
participate and, if appropriate, then provide informed consent. 
 

2.) Participant confidentiality – participants will be given a unique study code for 
identification purposes so that anonymity is protected. 

 

3.) Blood sampling - There are no significant health risks associated with donating blood 
samples.  The blood sample will be taken via venepuncture by a trained phlebotomist 
and will result in nil to minor discomfort to the subject. 

 

4.) Data records – all participant data will be stored on a password protected computer. 
Hard copy data (such as consent forms, data collection forms) will be stored in locked 
cabinets under the custodial care of the principal investigator. 

 

5.) Inclusion and exclusion criteria – these will be implemented during the initial telephone 
contact. 
 

6.) Dietary supplement doses – there are no adverse effects of the B-vitamins supplemented 
at these doses. Riboflavin is a water-soluble vitamin and the dose of 1.6mg/d is the 
recommended nutrient intake (RNI) for an adult. The folic acid dose of 0.4mg/d is a 
low dose of the vitamin and is the level recommended to pregnant women prior to and 
during pregnancy thus no safety concerns exist.  
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Participant Information Sheet  
 
 
 
 
 

 
Blood pressure lowering effect of B-vitamins in adults 

with a genetic pre-disposition to elevated blood 
pressure. 

 
 
 
 
 

Invitation 

You are being invited to take part in research at the Ulster University as part of a PhD study. Before 
you decide whether or not to participate in the project, it is important that you understand why the 
research is being done and what it will involve. Please read the following information and do not 
hesitate to ask any questions about anything that is unclear. Take some time to consider whether or 
not you wish to take part. 
 
 
 
 
 

Thank you for your time 
 
 
 
 
 
 
 



Sub Title 
This study will investigate the effect of riboflavin and folic acid supplementation on blood pressure in 
individuals with a specific genetic make-up.  

What is the purpose of the study? 
Around 12% of the world’s population have a particular genetic make-up (known as the TT genotype) 
which causes an increased requirement for the B-vitamins folic acid and riboflavin. Also, more 
importantly this genetic make-up results in an increased risk of developing high blood pressure 
(hypertension). Previous work, conducted by our research group, shows that if individuals with this 
MTHFR TT genotype, who have high blood pressure, are given the recommended nutrient intake (RNI) 
of the B-vitamin riboflavin for 16 weeks, their blood pressure will significantly decrease. The aim of 
this study is examine if the combination of folic acid and riboflavin can have an even greater blood 
pressure lowering effect in individuals with this specific genetic make-up.  

Why have I been chosen? 
You have been chosen as you are a healthy adult had a systolic blood pressure of ≥125mmHg at 
screening.  

Do I have to take part? 
It is your decision whether to take part in this study or not. You are under no obligation to participate 
and if you do decide to take part you are free to withdraw from the study at any time without giving 
a reason. Your decision to not participate or to withdraw at any time will not affect your clinical care 
in any way.  

What will happen to me if I take part? 
If you do decide to take part you will be given this information sheet to keep, asked to sign and return 
a consent form and provide a buccal swab  sample (involves wiping several cotton buds along your 
cheek and gums) which will enable us to determine your genotype. You will then be asked to attend 
an appointment at either Ulster University, Coleraine, Belfast City Hospital, or in Altnagelvin Hospital 
with a member of research team. We will invite those with the genetic risk factor to participate in the 
second part of the study where you will take either a riboflavin capsule, a folic acid capsule, 
riboflavin/folic acid combined capsule or a placebo for the study period (24 weeks).  

We would also ask you if you would like to be contacted by researchers from the University of Ulster 
at a later date and invited to take part in similar nutrition related studies. You would only be agreeing 
to receive information and would not be under any obligation to take part in any future studies.  If 
you decide not to consent to being contacted in the future, it would not have any influence on your 
involvement in this particular research study. 

What do I have to do? 
Depending on your genotype you will be invited to attend either one or two appointments. If you have 
the MTHFR 677 TT genotype and meet the inclusion criteria you will be asked to attend two 
appointments, one at the start of the study and one at the end of the study (24 weeks later). We will 
provide you with supplements containing the riboflavin, folic acid, combined or placebo capsule.  You 
will be asked to take one capsule each day for the 24 weeks of the study. If you have the genotype 
and do not meet the inclusion criteria or if you do not possess this genotype, we will invited you attend 
a one off appointment. Appointments can take place either in Ulster University, Coleraine, Belfast City 
Hospital, or Altnagelvin Area Hospital, depending on which is most convenient for you. At each 
appointment a blood sample will be taken and your blood pressure, pulse wave velocity, pulse wave 
analysis, height, weight and waist circumference recorded.  

What are the side effects of the treatment received when taking part?  
A fully trained phlebotomist will take the blood samples, ensuring any discomfort or risk of bruising is 
kept to a minimum. Both the riboflavin and folic acid supplement doses used in this study are low 



doses and no adverse effects have ever been observed from the use of such supplements at these 
doses.  
 
Are there any possible benefits in taking part? 
There are no direct benefits for taking part in this study. If however, the results show that normalising 
riboflavin and folic acid levels can cause a significant lowering of blood pressure in individuals with the 
MTHFR 677TT genotype, the management and treatment of hypertension in this group could be 
greatly improved. As will use your blood samples to test your vitamin levels, we would also ask for 
your permission to retain your blood samples for use in future studies.  
 
 
What if something goes wrong? 
It is extremely unlikely that something will go wrong during this study. However, you should know that 
the University has procedures in place for reporting, investigating, recording and handling adverse 
events and complaints from study volunteers. The University is insured for its staff and students to 
carry out research involving people; however this does not extend to non-negligent harm. The 
University knows about this research project and has approved it. Further details on the complaints 
procedure can be found at the University’s “Research Ethics and Governance” webpage 
(http://research.ulster.ac.uk/rg). Any complaint should be made, in the first instance, to the Chief 
Investigator identified for this particular study. Any complaint you make will be treated seriously and 
reported to the appropriate authority.  
 
Will my taking part in this study be kept confidential? 
All information collected during the investigation will be kept strictly confidential. All data is held on a 
secure computer that is password protected. You will be assigned a unique study identification code 
and this code will ensure that all samples, files and data are kept anonymous. Only the researchers 
named on the Ethical Approval for this study will have access to the data. 
 
What will happen to the results of the study? 
The results from this study will be published in a nutrition or medical journal and presented at 
conferences. You will not be identifiable in any report or publication. Upon completion of the study, 
we will send you an overall summary of the results by post. 
 
Who is organising and funding the research? 
The Ulster University, Coleraine is organising this study and it is funded by the Vice Chancellor’s 
Research Fund, and The Wellcome Trust-Wolfson Northern Ireland Clinical Research Facility. 
 
Who has reviewed this study? 
This study has been reviewed by peers knowledgeable in the conduct of scientific research. It has also 
been reviewed by the Ulster University, School of Biomedical Ethics Filter Committee and the Office 
for Research Ethics Committees, Ulster University (UUREC). 
 
 
Contact Details 
If you have any questions please do not hesitate to contact the following: 

Ms Martina Rooney (PhD Research Student)         Prof Mary Ward (Chief Investigator) 
Phone: (028) 7012 3005    Phone: (028)70323076 
Email: rooney-m16@ulster.ac.uk  Email: mw.ward@ulster.ac.uk 
 
 
 
 
 

Thank you again for your interest in this study 

and for taking the time to read through this 

information sheet. 
 

http://research.ulster.ac.uk/rg
mailto:rooney-m16@ulster.ac.uk
mailto:mw.ward@ulster.ac.uk
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Consent Form  
 
Title of Study   
 
 
 
Chief Investigator         Researcher 
 
Participant Id 
 
Please confirm, by ticking the boxes, that you agree with the following statements: 
 
1. 

 
I have been given, read and understood the information sheet (version 4; 09.07.2019) 
for the above study and have asked and received answers to any questions raised. 

 
 

 
2. 

 
I understand that my participation is voluntary and that I am free to withdraw at any 
time without giving any reason and without my rights being affected in any way. 

 
 

 
3. 

 
I understand that the researchers will hold all information and data collected during 
the study securely and in confidence and that all efforts will be made to ensure that I 
cannot be identified as a participant in the study (except as might be required by law) 
and I give permission for the researchers to hold relevant personal data.  

 
 

 
5. 

 
I understand that my blood or other tissues are required for the purposes of this study 
and confirm that I have been given details of the amount(s) to be taken and how it will 
be stored, used and the method of disposal.   

 
 

 
5. 

 
I agree to take part in the above study. 

 

 
6. 
 
7. 

 
I agree to be contacted for possible participation in future research studies 
 
The potential benefits of keeping my blood or other tissues for future research  
studies have been explained to me and (please read carefully and choose one): 
 
a. I consent to their indefinite storage and use in any future study, or 
 
b. I consent to their indefinite storage and use in any future study that does not  
    involve the use of my genetic material; or 
 
c.  I do not wish my blood or tissues to be used for any purpose other than this study 

 
 
 
 
 
 

 

  
 

   

Name of Participant (please print)  Signature  Date (dd/mm/yy) 
     
 
 

 
 

   

Name of person taking consent 
(if different from researcher) 

 Signature  Date (dd/mm/yy) 

     
  

 
   

Name of Researcher  Signature  Date (dd/mm/yy) 
 

4. 

Blood pressure lowering effect of B-vitamins in adults with a genetic pre-
disposition to elevated blood pressure. 
 
 
 

 Prof. Mary Ward  
 

 

 

 

 

 

 

 

 Ms Martina Rooney 
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Blood pressure lowering effect of B-vitamins in 
adults with a genetic pre-disposition to elevated 

blood pressure. 

 

 

                

 
 
 
 
 
 
 
 
 

 
 

Health and Lifestyle Questionnaire 
 
 
 
 
Volunteer Identification Number:  
 
 
 
 



GENERAL HEALTH & LIFESTYLE QUESTIONS 
 
1) Do you smoke? Yes    No  
How many do you smoke /day?____ If you are an ex -smoker when did you stop?____________  
 
2) Do you consume alcohol? Yes  No   
How much do you consume/ week?  (Amount and type)_________________________________ 
 
3) Do you have Diabetes?     Yes   No      
Type 1 Type 2             Insulin dependent? Yes    No     
When were you diagnosed with diabetes?____________________________________________ 
 
4) Have you ever had a heart attack or a stroke? Yes   No  
When did this occur?_____________________________________________________________   
 
5) Do you have any of the following?  

Angina                                  Ischaemic heart disease             Atrial Fibrillation     

Peripheral artery disease      History of TIAs                          Heart Failure            
 
6) Have you ever undergone any of the following procedures, if so when? 

Coronary Artery Bypass       Date:__________         Stenting       Date: _________ 

 

7) Do you suffer any of the following?  

Liver Disease              Kidney Disease                Gastrointestinal Disease                                                         

Blood Disorder                       Osteoporosis                 

Inflammatory condition      If yes, please specify___________________________________ 

 
8)  Do you have hyperlipidaemia/high cholesterol? Yes    No  
 
9) Do you suffer from high blood pressure?                Yes     No 
If Yes, when were you diagnosed?____________ Age started medication:__________________ 
 

10)  Are you on medication for your blood pressure?  Yes   No  

Name   ___Dosage    When started____________________ 

Name   ___Dosage    When started____________________ 

Name   ___Dosage    When started____________________ 

Name         Dosage    When started____________________ 



How often do you take your medication and at what time of the day? ______________________ 
______________________________________________________________________________ 
Did you take your medication today and at what time?_________________________________ 
 
11) What other medication are you currently taking? 

Name         Dosage  When started_____________________ 

Name         Dosage  When started_____________________ 

Name         Dosage  When started_____________________ 

Name         Dosage  When started_____________________ 

 
12) Have you suffered from any other serious illnesses such as cancer? Yes   No  
___________________________________________________________________________ 
 
13) Have any of your first degree family members had a heart attack, stroke or died of 
heart disease? 

Heart attack: ________________________________      Age_______ Smoker _____ 
            Stroke: _____________________________________     Age_______ Smoker _____ 
            Died of heart disease: _________________________      Age_______ Smoker _____   
            Other________________________________________________________________ 

 
Diet & Supplements 

 
 
  1. Do you eat any fortified foods? (Researcher, please refer to Aide Memoire) 

Yes   No  If YES, please specify:     
 Fortified Breakfast Cereals          Fortified Cereal Bars                   Fortified Bread 
 Fortified Fat Spreads                    Fortified Drinks 
 Marmite or other yeast extracts    Other ___   
 
For each fortified product ticked, name the product and brand below and state how often. 
 
    Product 1:      Product 2:     Product 3: 

 
 
 
 
  Twice/day or more      Twice/day or more      Twice/day or more 
  Once/day      Once/day      Once/day 
  5-6 times/week      5-6 times/week      5-6 times/week 
  3-4 times/week      3-4 times/week      3-4 times/week 
  1-2 times/week      1-2 times/week      1-2 times/week
  Other        Other        Other    

Last eaten: Last eaten: Last eaten: 
 



 
2. Do you take milk? Yes   No    Type of milk____________ 

If YES: 
As a drink  In tea/coffee  With cereal  

 
How often? 
 Twice/day or more  Twice/day or more  Twice/day or more 
 Once/day  Once/day  Once/day 
 5-6 times/week  5-6 times/week  5-6 times/week 
 3-4 times/week  3-4 times/week  3-4 times/week 
 1-2 times/week  1-2 times/week  1-2 times/week 
 Other     Other     Other    

 
If YES:  Name the brand of milk you typically take    
 
Do you typically take -       Skimmed  Semi-skimmed  Whole  
 
 
If YES, when did you last take milk?   ____________ 
 

5) Dietary habits:      Meat-eater  Vegetarian   Vegan    Other  _________________ 
 

4. Do you take any vitamin supplements (e.g. vitamins in tablet form, cod liver oil, 
etc)? Yes   No    If YES, how often? 

 
 Twice/day or more 
 Once/day 
 5-6 times/week 
 3-4 times/week 
 1-2 times/week 
 Other    

 
If YES, name the supplement(s) (Researcher please put product name in capitals) – 

 
(1) _______________  (2)___________   (3)___________ 

How long have you been taking each supplement? 
 
(1) _______________  (2)___________   (3)__________



 

Appendix 7 

Confirmation of ethical approval; one-carbon metabolite study 

 



                RESEARCH GOVERNANCE 
 
RG3 Filter Committee Report Form  
 
Project Title  
 
 
Chief Investigator 
 
 
Filter Committee  
 
This form should be completed by Filter Committees for all research project applications in categories A 
to D (*for categories A, B, and D the University’s own application form – RG1a and RG1b – will have 
been submitted; for category C, the national, or ORECNI, application form will have been submitted). 
 
Where substantial changes are required the Filter Committee should return an application to the Chief 
Investigator for clarification/amendment; the Filter Committee can reject an application if it is thought 
to be unethical, inappropriate, incomplete or not valid/viable.   
 

Only when satisfied that its requirements have been met in full and any amendments are complete, 
the Filter Committee should make one of the following recommendations: 
 
The research proposal is complete, of an appropriate standard and is in   
 

• category A and the study may proceed*  
 

• category B and the study must be submitted to the University’s Research Ethics  
Committee**  Please indicate briefly the reason(s) for this categorisation 
 
 

 
• category C and the study must be submitted to ORECNI along with the necessary supporting 

materials from the Research Governance Section*** Please complete an IRAS form (in  
relation to the research involving samples from ORECNI 11/NI/0188)and submit to the filter 
committee for approval before submission to ORECNI for proportionate review.  

 
• category D and the study must be submitted to the University’s Research Ethics  
Committee** after having been reviewed again by the BMS Filter Committee. Please include 
 RG1d, RG1e, Research Protocol, Screening questionnaire, Risk Assessment if necessary, and  
either modified Consent form or modified Participant Info Sheet. 

 
 
 
 
 
 

Signed:           Date:  21/03/2018 
Chairperson of Filter Committee 

 

Investigating One-Carbon Metabolites as Markers of Blood Pressure 
 

Mary Ward 

Biomedical Sciences  FCBMS-18-040 

x 
 

 

 

 
 



*The application form and this assessment should now be returned to the Chief Investigator.  The
Filter Committee should retain a copy of the complete set of forms.
** The application form and this assessment should now be returned to the Chief Investigator so that
he/she can submit the application to the UUREC via the Research Governance section.  The Filter
Committee should retain a copy of the complete set of forms for their own records.
*** The application form and this assessment should now be returned to the Chief Investigator so
that he/she can prepare for application to a NRES/ORECNI committee.  The Filter Committee should
retain a copy of the complete set of forms for their own records.
For all categories, details of the application and review outcome should be minuted using the agreed
format and forwarded to the Research Governance section
Please complete the following

The application should be accompanied by an appropriate and favourable Peer Review Report Form (if 
not, the Filter Committee should be prepared to address this as part of its review).  Please comment on 
the peer review (include whether or not there is evidence that the comments of the peer reviewers 
have been addressed). 
Peer review conducted by Filter Committee 

Please provide an assessment of all component parts of the application, including questionnaires, 
interview schedules or outline areas for group discussion/unstructured interviews. 
Please amend start date on RG1a as project cannot commence until ethical approval has been given. 
This is a follow-up of a study that was previously approved by UREC 04/23 investigating cardiovascular 
disease patients and healthy controls screened for specific genetic risk factor (MTHFR TT genotype).  The 
ethics for the original study is now closed.  These samples pre-date HTA legislation.  The proposed study 
will use anonymous plasma samples from the previous study in which particpants gave enduring 
consent.  Samples will be used to measure one-carbon metabolites (similar measures to the original 
study). 

Please comment on the consent form and information sheet, in particular the level of language and 
accessibility. 
 n/a 

Please comment on the qualifications of the Chief and other Investigators. 
All members of research team are suitably qualified to undertake this work. 

Please comment on the risks present in conducting the study and whether or not they have been 
addressed.  
No risks – there will be no clinical implication of the results obtained and all samples are anonymous.  All 
H&S protocols will be followed. 

Please indicate whether or not the ethical issues have been identified and addressed. 
All addressed as above.  All data will be stored accordingly. 

Please comment on whether or not the subjects are appropriate to the study and the 
inclusion/exclusion criteria have been identified and listed 
n/a 
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