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Abstract 

Dietary nitrate is a natural component of vegetables that can have profound effects 

on physiological functions in the body. One vegetable in particular, beetroot (Beta 

Vulgaris), has received attention in the last decade as a source of nitrate and more 

importantly, nitric oxide (NO). NO is a potent vasodilator that is produced 

endogenously from L-arginine but can also be produced from the sequential 

reduction of dietary nitrate to nitrite in the oral cavity and further to NO in the acidic 

environment of the stomach. The production of NO is essential in maintaining a 

healthy vascular system and low availability of NO is implicated in vascular 

dysfunction and thus the onset of cardiovascular and cerebrovascular diseases. Low 

endogenous NO production is closely associated with the ageing process and could 

contribute to the increase in high blood pressure and impairment of endothelial and 

cognitive function seen in older adults. Moreover, it is postulated that age attenuates 

the production of NO from exogenous nitrate, further contributing to the symptoms of 

low NO availability. Thus, ways to increase NO availability in an ageing population 

are imperative. 

 

Although highly concentrated beetroot juice has been used as an effective vehicle of 

dietary nitrate in several studies, there is a significant gap in the research regarding 

longer-term intervention, for which whole beetroot may be more applicable. 

Processed forms of beetroot are more costly, contain more sugar and lack the dietary 

fibre present in the whole vegetable. Fibre, alongside the range of phenolic 

compounds, antioxidants and vitamins present in beetroot, may have further health 

benefits. Therefore, the overarching aim of this thesis was to investigate the effects 

of whole beetroot consumption in both acute and prolonged studies, particularly in an 

older population. A number of noteworthy findings emerged from the studies 

conducted during this research. Firstly, although whole beetroot, providing between 

272mg and 816mg nitrate, was found to effectively raise plasma nitrate and nitrite 

levels in older participants, this did not translate to beneficial physiological outcomes 

such as blood pressure reduction and improved blood flow, which were evident in a 

younger population. Larger nitrate doses (1000mg) in the form of potassium nitrate 

did, however, lower blood pressure in an older population, reducing the disparity 

between the age groups. Secondly, more prolonged and consistent consumption of 
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whole beetroot over an eight-week period was found to reduce blood pressure in an 

older population and led to improvements in gut bacterial diversity, short-chain fatty 

acid (SCFA) production, cognitive reaction time and memory retrieval speed. This 

suggests additive effects of dietary nitrate beyond those seen in an acute setting and 

highlights the benefits of the whole vegetable as a supplement to the diet. In 

summary, whole beetroot was found to be an acceptable dietary source of nitrate and 

one that had acute physiological benefits in a young population. Ageing, however, 

reduced the activity of dietary nitrate in this acute setting. Despite this, the prolonged 

consumption of whole beetroot has the potential to lower blood pressure, improve 

cognitive function and potentially impact on gut health in an ageing population.  
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Chapter 1. Introduction 

The aim of this introduction and literature review is to explore and critically discuss 

the research into two important questions that relate beetroot to healthy ageing. 

Firstly, is whole beetroot an effective means to elicit the beneficial effects of dietary 

nitrate? Secondly, does ageing stand in the way of these effects? The review will 

begin with the negative consequences of ageing and highlight the main causes of 

these detriments, specifically the production, or lack of, nitric oxide (NO). It will 

describe the processes of NO production, how these are influenced by age and ways 

in which NO production can be manipulated. This will be followed by a review of the 

research on beetroot and the physiological responses to its consumption. This is with 

a view to highlighting the potential benefit of utilising beetroot in its whole and 

unprocessed form in a population most at risk of the consequences of a low 

availability of NO. 

1.1 Ageing 

The UK ageing population is growing, from 10.3 million adults over the age of 65 

years in 2013 to 11.8 million in 2016, which equates to around 18% of the total 

population (Howdon & Rice, 2018; ONS, 2017; Rutherford, 2012). This proportion is 

expected to rise to 25% in 2050 due to increased longevity and the knock-on effect of 

the current age structure of the population, as illustrated in Figure 1.1. 

  

 
Figure 1.1: Office of National Statistics (ONS) report on principal projections for 
the population of the UK. 
 
Population age restructuring towards an older population is associated with an 

increased demand in medical services and thus greater healthcare costs. Ironically, it 

is these healthcare services, specifically the improvements in recent decades that 
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have been a driving force in the increased longevity in the present day and allow 

adults to remain healthier and more independent into old age. The term “successful 

ageing” is described as remaining free of major chronic disease and maintaining 

normal physical and cognitive functioning (Newman et al., 2003). Those who age 

successfully have low numbers of risk factors for prevalent chronic diseases, 

particularly for cardiovascular disease (CVD) (Newman et al., 2003). Therefore, 

successful ageing can significantly reduce the medical services cost associated with 

the current UK population. 

1.2 Theories of ageing 

Ageing is characterised by the progressive deterioration in physiological function of 

organ systems and weakening of cell structure and function (Scott-Warren & 

Maguire, 2017). Two theories of ageing exist: 1) the programmed biological timetable 

of deterioration and 2) accrued cellular or molecular damage as a result of a build-up 

of noxious by-products of metabolism or environmental assaults (Scott-Warren & 

Maguire, 2017). One sub-category of the programmed theory is the immunological 

theory, which suggests that programmed decline of the immune system leads to an 

increased susceptibility to infection and thus ageing (Jin, 2010). This dysregulation of 

the immune system has been linked to CVD, Alzheimer’s disease (AD), inflammation, 

and cancer (Jin, 2010). Theories of ageing interconnect and have not yet been 

brought to a consensus. Understanding more about the ageing process and the 

factors that influence it may help promote healthy ageing, thereby reducing the 

burden of an ageing population on the healthcare system. 

1.3 Features of ageing and age-related disease  

Ageing affects the mechanical and contractile efficiency of the cardiovascular 

system. This presents itself through thickening of the arterial walls and increases in 

smooth muscle tone, inflammatory markers and total peripheral resistance. 

Additionally, there are reductions in arterial dilation, endothelial NO release and 

superoxide dismutase (SOD) activity (Egashira et al., 1993; Ferrari et al., 2003). 

Consequently, systolic arterial pressure and systemic vascular resistance are 

elevated (Navaratnarajah & Jackson, 2017). The same detrimental effects of ageing 

present themselves in vessels in the brain, contributing to neurovascular dysfunction 

and the onset of cerebrovascular disease. The risk of gastrointestinal (GI) and 
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oesophageal disorders is heightened with ageing, due to physiological changes in 

the stomach and oesophagus (Salles, 2007). Alongside this, alterations to the 

microbiome, both in the oral cavity and the gut, lead to changes in the breakdown 

and utilisation of nutrients from food and make the body more susceptible to 

pathogenic bacteria (Woodmansey, 2007). These features of ageing combined or in 

isolation increase the risk of multiple diseases such as CVD and cancer of the bowel, 

making older adults an important population in preventative nutritional intervention 

studies. Some common targets of diet and nutrition research will now be discussed in 

more detail. 

1.3.1 Vascular dysfunction 

Vascular endothelial cells line every capillary to artery in the circulatory system where 

they play a vital role in vascular biology (Rajendran et al., 2013). These cells are 

paramount in regulating blood flow, blood vessel tone, haemostasis, and neutrophil 

recruitment. Vascular endothelial dysfunction is a hallmark of disease, with 

endothelial cells being directly implicated in stroke, heart disease, diabetes, insulin 

resistance, and tumour growth, amongst others (Rajendran et al., 2013). Dysfunction 

in the vascular system develops with age and causes changes such as 

vasoconstriction, inflammation and pro-coagulation (Raubenheimer et al., 2017; 

Sepúlveda et al., 2015). Vascular dysfunction therefore negatively affects blood flow 

and has been implicated in the pathogenesis of AD (Dede et al., 2007). 

 

One key feature of vascular endothelial dysfunction is the reduced production of NO 

by endothelial NO synthase (eNOS) (Kunz, 2000). The release of NO from vascular 

endothelial cells maintains a background vasodilatory tone and this NO is continually 

synthesised by eNOS from the precursor L-arginine (Lyons et al., 1997; Palmer et al., 

1988). eNOS converts L-arginine to citrulline and then NO, which, when released, 

disperses to the underlying smooth muscle (Sessa, 2004). Here it stimulates the 

production of cyclic guanosine monophosphate (cGMP), which results in relaxation of 

the vessel wall via changes in intracellular calcium concentration (Sessa, 2004). 

Disruption of the vasodilatory action in the vascular system by NO can lead to 

hypertension and atherosclerosis. NO production, from L-arginine and a more 
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recently discovered pathway involving dietary nitrate, will be discussed in more detail 

in Chapter 1.5, as dietary intervention may enable an increase in NO production. 

 

Animal studies initially linked a reduction in NO-dependent vasodilation to ageing but 

Lyons et al. (1997) also demonstrated that NO-mediated vasodilation in the forearm 

vascular bed of humans is reduced in old age. The overall availability of L-arginine 

and the NOS cofactor tetrahydrobiopterin is lower in older adults (Delp et al., 2008), 

which could explain the reduction in NO production from the process outlined 

previously. Reactive oxygen species (ROS) can inactivate NO (Schulz et al., 2004), 

implicating oxidative stress in vascular dysfunction. 

1.3.2 Oxidative stress 

Harman (1956) first proposed that damage by ROS, or free radicals, might be a key 

player in the mechanism of ageing. This theory of free radical damage may explain 

some of the structural changes that occur with ageing, such as DNA damage, decline 

in mitochondrial function, and lipid peroxidation of membranes (Bar-Shai et al., 

2008). ROS are generally unstable molecules that induce the non-enzymatic 

oxidation of proteins, carbohydrates, lipids and nucleic acids (Canizzo et al., 2011), 

and in ageing the antioxidant balance shifts towards increased production of these 

molecules. The excessive production of ROS is evident in many conditions such as 

hypertension, hypercholesterolaemia and diabetes. Furthermore, vascular oxidative 

stress has been implicated in alterations to cerebrovascular regulation and an 

increase in ROS generation has been demonstrated in cerebral ischaemia (Girouard 

& Iadecola, 2006). Oxidative stress has therefore been associated with the 

progression of AD. 

 

Oxidative stress is caused by an imbalance in ROS and antioxidant systems, which 

allows free radicals to pass freely through plasma membranes and cause damage to 

the cells (Li et al., 2013). The main cellular defence against ROS damage is activity 

by catalase, SOD, and glutathione peroxidase (Gupta et al., 2001; Wang et al., 

2018), and levels of these free radical-scavenging enzymes are all reduced in ageing 

cells (de la Fuente et al., 2004). SOD, for example, catalyses the dismutation of the 

radical superoxide into oxygen or hydrogen peroxide, thus reducing the levels of 
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superoxide, which, when not regulated, can combine with NO to form a potent 

oxidant peroxynitrite (Pacher et al., 2007). The body also utilises antioxidants such 

as ascorbic acid, α-tocopherol and flavonoids (Li et al., 2013) to combat ROS. 

Dietary antioxidants can help to limit the damage of oxidative stress by acting directly 

on ROS or by stimulating the cells’ defence systems (Scalbert et al., 2005). The 

phenolics in polyphenols, for example, can accept an electron and thereby form 

stable phenoxyl radicals, disrupting oxidation reactions in cells (Scalbert et al., 2005). 

Flavonoids donate hydrogen atoms to radicals, terminating free radical chain 

reactions and stopping the oxidation of lipids and other molecules (Li et al., 2013). 

Ascorbic acid works either through its direct interaction with superoxide radicals or 

indirectly by recycling tocopherol (Som et al., 1983). 

  

The central nervous system (CNS) is particularly vulnerable to oxidative stress, 

especially during ageing (Joseph et al., 1998). This is due to a high content of 

polyunsaturated fatty acids that are easily oxidised, weaker antioxidative enzymes, 

and high oxygen consumption in the CNS (Garaschuk et al., 2018; Li et al., 2013 for 

review). Oxidative stress contributes to motor and cognitive behavioural deficits in the 

ageing brain (Shukitt-Hale, 1999), which may stem from a deficiency in glucose and 

oxygen consumption caused by the high levels of ROS (Mosconi, 2013). In a rodent 

study, supplementation with strawberry or spinach extract for eight months halted 

decrements in cognitive performance and neuronal function in senescent animals 

(Shukitt-Hale et al., 2015), demonstrating the potential potency of nutritional 

compounds when confronting oxidative stress. 

 

Oxidative stress can also contribute significantly to the structural remodelling in blood 

vessel walls that contribute to arterial stiffness (Patel et al., 2011), which is described 

in more detail in Chapter 1.4. Polyphenols can attenuate this remodelling and 

improve endothelial dysfunction before the onset of the formation of plaque (Pandey 

& Rizvi, 2009), something that is associated with several risk factors for 

atherosclerosis. Ultimately, the accumulation of oxidative stress is a highly 

detrimental yet inevitable consequence of ageing but the body has a powerful 

defence mechanism in the form of antioxidant compounds. Many of these can be 

supplied or at least enhanced by dietary intake, which may help the body challenge 
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oxidants and delay or diminish the detrimental effects of oxidative stress on a number 

of systems. Oxidative stress, when able to infiltrate, has been implicated in the 

maintenance of the low-grade inflammatory state associated with ageing. 

1.3.3 Inflammation 

Adaptive immunity declines with age in a phenomenon known as 

immunosenescence, making individuals more vulnerable to infection and delaying 

recovery following bouts (Canizzo et al., 2011). Conversely, innate immunity is more 

active in ageing, inducing a pro-inflammatory state known as “inflamm-ageing” 

(Franceschi et al., 2007).  

 

The chronic systemic inflammation associated with ageing has been attributed to 

heightened binding of nuclear factor κΒ (NFκΒ) to DNA in tissues and organs 

(Hinojosa et al., 2009). The NFκΒ signalling system is the regulator of innate 

immunity, organising cellular defence in response to pathogens or cellular danger 

signals (Salminen et al., 2008). The cytokines interleukin-1 (IL-1), interIeukin-6 (IL-6) 

and tumour necrosis factor-α (TNF-α) are key mediators in the innate inflammatory 

response. In older adults, higher levels of these pro-inflammatory cytokines are often 

observed in the circulation and in tissue resident macrophages (Salminen et al., 

2008) and elevated tissue expression of these pro-inflammatory cytokines indicates 

chronic low-grade inflammation. Heightened levels of these cytokines are also 

associated with motor dysfunction and disability in older adults, in addition to reduced 

cognitive performance (Ferrucci et al., 1999; Szelenyl, 2001). 

 

The innate immune response is associated with an oxidative burst, which up-

regulates the formation of ROS and the oxidative stress response. Consequently, 

cellular antioxidant capacity is reduced. This interplay between reduced antioxidant 

capacity and chronic inflammation with ageing increases the risk of a variety of 

diseases including CVD and may accelerate cognitive decline. 

1.3.4 Cognitive decline and dementia 

Increased longevity in society today brings with it challenges, especially from age-

related diseases such as CVD and dementia. Cognitive decline is one of the key 
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reasons why long-term care is required in old age (Celidoni et al., 2017), with 40% of 

admissions to care institutions in the UK being due to cognitive failure (Deary et al., 

2009). 

 

Age-associated cognitive decline is described as normal or non-pathological 

cognitive ageing and can affect mental domains such as memory, executive function 

and processing speed (Deary et al., 2009). There is a slower decline in cognitive 

function from the age of 50 to 70 years compared to the more pronounced and faster 

decline from the age of 70 years (Buckner, 2004). Brain ageing is accompanied by 

low-grade immune activation (Garaschuk et al., 2018), which is characterised by 

increased levels of the pro-inflammatory cytokines TNF-α and IL-6, for example. The 

term “inflamm-ageing” thus applies in the brain as well as other tissues. Cognitive 

decline is a feared aspect of growing old (Corner & Bond, 2004) and a public health 

goal is to help maintain or enhance cognitive health into older age (Deary et al., 

2009). Dementia is not inevitable and there is a clear distinction between normal 

cognitive ageing and mild cognitive impairment (MCI), the latter of which may convert 

to Alzheimer’s disease (AD).  

By the age of 80, there is estimated to be a 30% loss of brain mass, primarily in grey 

matter (Scahill et al., 2003). Due to a reduction in neural density, production of 

central neurotransmitters such as serotonin and catecholamines is reduced and there 

is a deficiency in dopamine uptake sites and transporters (Peters, 2006). 

Consequently, ‘fluid’ cognitive abilities such as working memory, speed of processing 

and executive functioning decline with age, and these may be viable targets for 

preventative interventions such as nutritional supplementation or dietary changes 

(Scholey, 2018). For example, brain atrophy has been related to high levels of 

circulating homocysteine, which can be reduced by compounds such as folic acid 

and betaine (McRae, 2013).  

Reduced blood flow to the brain has been implicated in cognitive impairment and 

decline, and this diminished cerebral perfusion has been found to precede and likely 

contribute to the onset of dementia (Ruitenberg et al., 2005). Normal blood flow to 

the brain is maintained around 50ml per 100g of brain tissue per minute (Cipolla, 

2009) and cognitive impairment is evident when cerebral blood flow drops to around 
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37ml per 100g per minute and below (Marshall et al., 2001). AD shows a stable, 

progressive decline in cerebral blood flow and cognition. Neurocognitive research 

points towards white matter hyperintensity (WMH), or leukoaraiosis, occurring with 

ageing and this appears to lead directly from chronic ischaemia (Holland et al., 

2008). The ageing process leads to abnormal arterioles, capillaries and venules, 

causing or contributing to a chronic ischaemic state in an ageing brain. Age-related 

white matter degeneration has been linked specifically to reduced executive 

functioning capacity, which is measured by tests such as task switching and working 

memory (O’Sullivan et al., 2001; Oosterman et al., 2008). Disrupted neurovascular 

coupling occurs when cerebrovascular blood flow is not matched to regional 

metabolic demand (Justice et al., 2015). This destabilises neurons, synapses and 

neurotransmission and has been linked to a reduction in NO bioavailability (Girouard 

& Iadecola, 2006).  

1.3.5 Hypertension 

When blood pressure levels are consistently high (equal to or above 140/90mmHg) 

an individual is classed as hypertensive (NICE, 2011). Hypertension is currently one 

of the leading causes of death and disability in the world, and age, obesity, sodium 

intake and physical inactivity are amongst the main risk factors for high blood 

pressure (Kannel, 1996). High blood pressure itself is a major risk factor for CVD 

(Yusuf et al., 2001) and stroke (Robinson et al., 1998). Gee and Ahluwalia (2016) 

describe blood pressure as a continuum, with increasing pressures leading to 

increased risk of CVD. Hypertension is more prevalent in the older population and 

there is a direct relationship between increasing age and higher blood pressure 

(Chobanian et al., 2003). According to the latest (2015) Health Survey for England 

statistics, the percentage of those with hypertension aged 55-64, 65-74 and 75+ 

years are 45.0%, 58.5% and 66.5%, respectively, clearly illustrating the increasing 

age and blood pressure relationship and the extent of the problem in the population. 

 

Anti-hypertensive medications, such as beta-blockers and diuretics, are prescribed in 

an attempt to lower blood pressure to normal levels. With every 20mmHg systolic 

and 10mmHg diastolic increase in blood pressure, mortality from both stroke and 

ischaemic heart disease doubles (Chobanian et al., 2003). A reduction in diastolic 
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blood pressure (DBP) by 5mmHg is said to reduce the risk of stroke by one third and 

coronary heart disease (CHD) by one fifth (Collins et al., 1990) and every 10mmHg 

reduction in systolic blood pressure (SBP) significantly reduces the risk of major CVD 

events with a 13% reduction in all-cause mortality (Ettehad et al., 2016).  

 

There are a number of causes of high blood pressure but in relation to ageing it can 

be caused by structural changes to the cardiovascular system such as stiffening and 

plaque formation. The role of NO in the structural integrity of the vascular system 

again puts NO production central to this age-related problem. 

1.3.6 Digestion and microbiotal changes 

A preponderance in medication use into old age can cause hyposalivation (dry 

mouth) and changes to the gut microenvironment with antibiotics, each leading to an 

increased risk of pathogenic bacterial growth (Tiihonen et al., 2010). Modification of 

the oral microenvironment may influence non-enzymatic, or bacterial, conversion of 

nitrate into nitrite (Percival et al., 1991); this nitrate conversion process is key in NO 

production and is described in more detail in Chapter 1.5. Reduced secretion of 

hydrochloric acid, known as hypochlorhydia (Britton & McLaughlin, 2013) and pepsin 

in the stomach are also associated with ageing, leading to a rise in gastric pH. 

Furthermore, the ageing process is associated with alterations in colonic functioning, 

such as increases in the colonic transit time due to a decline in the peristaltic activity 

in the colon. This is postulated to be due to a reduction in expression of neural 

transmitters, such as NO or acetylcholine (Salles, 2007). 
 

In addition to changes that occur as a result of medication use, the ageing process 

itself can modify the body’s microenvironment, affecting the gut microbiome as well 

as the population of oral bacteria. The gut microbiome plays a pivotal role in the 

absorption of nutrients, as well as maintaining a natural barrier to pathogens (Britton 

& McLaughlin, 2013). Age-related alterations in this barrier could lead to a systemic 

and luminal inflammatory response. Indeed, the elderly show an increased 

susceptibility to gut infections relative to younger adults (Ogra, 2010). Changes in the 

bacterial content of the gut have been linked with both inflammatory and metabolic 

disorders, including inflammatory bowel disease, diabetes, CVD and colorectal 
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cancer (Frank et al., 2007; Jeffery et al., 2012). Furthermore, it has been proposed 

that the gut microbiota can influence brain chemistry and function, affecting motor 

control (Heijtz et al., 2011).  

 

Colonic bacteria are predominantly anaerobes with wide-ranging metabolic activities. 

Many of these anaerobes can ferment dietary carbohydrates to form short chain fatty 

acids (SCFAs), for example acetate, propionate and butyrate, which all have a role in 

gut health (Duncan & Flint, 2013). There are a number of dominant bacterial species 

in a healthy colon, including Faecalibacterium prausnitzii, which possesses anti-

inflammatory activities (Duncan & Flint, 2013). The dominant phyla of the gut 

microenvironment include Firmicutes, Bacteroidetes and Actinobacteria, as well as 

Proteobacteria and Verrucomicrobia in lower numbers (Duncan et al., 2008; Karlsson 

et al., 2013). A decline in bacterial diversity occurs with ageing and in the elderly 

there seems to be a reduction in Bifidobacteria and an increase in 

Enterobacteriaceae and certain Proteobacteria (O’Toole & Claesson, 2010). The 

balance shifts towards higher numbers of Bacteroidetes and lower numbers of 

Firmicutes in elderly compared to younger adults (Tiihonen et al., 2010). Additionally, 

butyrate levels tend to be lower in the elderly compared to younger adults due to a 

reduction in bacterial species that produce it (Biagi et al., 2010). It is clear that there 

are changes to the gut microbiota during ageing and disruption to the normal balance 

of bacteria can lead to both local and systemic inflammation (Saffrey, 2014).  

 

The gut microbiota clearly play a crucial role in the health and functioning of the 

digestive system specifically and have now also been linked to functioning of other 

systems in the body such as the gut-brain axis. The digestive and bacterial changes 

that occur with age are likely to have repercussions on a number of functions in the 

body, placing dietary aspects such as fibre, prebiotics and antioxidant nutrients in a 

prominent and influential position. Both short- and long-term dietary changes have 

been found to have an impact on the gut microenvironment (Thomas et al., 2011), as 

the microbial community adapts to release the most energy from the available 

substrates. The diet of an ageing population may therefore be of particular 

importance not only to the microbiome but also to the overall health status of the 

population. 
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1.3.7 Changes in physiological function 

The capacity of skeletal muscle to maintain an efficient regenerative pathway is 

compromised in ageing (Carosio et al., 2011). Muscle tissue diminishes, causing a 

reduction in mass and strength; this condition is known as sarcopenia (Marcell, 

2003). Sarcopenia contributes to a reduction in functional capacity in older adults, 

contributing to frailty and a loss of independence. Cognitive decline also contributes 

to this reduction in capacity.  

 

Maintaining independent functioning is key in healthy ageing. A high quality of life is 

dependent on being able to perform activities of daily living (ADL) into old age and 

these functions are also related to hospitalisation, surgical outcome and mortality 

(Gault & Willems, 2013; Penninx et al., 2000). The inability to perform daily tasks is 

linked to weaker muscles and a reduced capacity to generate force (Close et al., 

2005). The cytokines IL-6, TNF-α and C-reactive protein (CRP) have been implicated 

in this weakness, resulting in poor physical performance in older adults (Legrand et 

al., 2013).  

 

Changes in vascular function, blood pressure levels and gut microbial diversity, 

amongst the other features of ageing mentioned, may be subject to intervention 

studies aimed at slowing the rate of decline into older age. It is therefore important to 

assess the functioning of these systems to better understand how the ageing process 

may attenuate their capacity.  

1.4 Assessment of vascular function, functional capacity and cognition 

In monitoring the integrity and functioning of the vascular system into older age, 

researchers are afforded the opportunity to carry out an assessment of the potential 

for beneficial interventions in this area. Both the macrovascular and microvascular 

system can be examined, allowing comprehension of the overall vascular system’s 

efficiency. At a whole-body level, functional capacity and cognitive functioning 

measures can reflect an individual’s ability to carry out basic daily tasks, thereby 

helping them to maintain independence into older age.  
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1.4.1 Macrovascular assessment 

The vascular endothelium helps to maintain blood flow and alterations to this can 

cause the build-up of plaque inside the blood vessels (atherosclerosis) or augment 

the vasodilatory response. Arterial distensibility, or its opposite arterial stiffness, is an 

indicator of endothelial function and thus atherosclerosis. Aortic pulse wave velocity 

(PWV), for example, has an inverse relationship with arterial distensibility and has 

been found to be a predictor of cardiovascular risk in patients with hypertension 

(Blacher et al., 1999). PWV is the assessment of the length of time in which pressure 

pulse waves travel from the carotid to the femoral arteries and measurement of this is 

considered the gold standard for assessment of arterial stiffness (Ecobici & 

Stoicescu, 2017). PWV assessment requires accurate measurement of the distance 

between the two arterial sites and the femoral artery can be an intimate 

measurement site, which can hinder reliable assessment. Nevertheless, PWV is the 

most reported marker of arterial stiffness in studies with older adults (Table 1.2). 

Ageing results in an increase in PWV and this has been found to be associated with 

CV mortality, stroke and CHD even in healthy older adults (Sutton-Tyrrell et al., 

2005). Augmentation index (AIx) is also inversely related to arterial distensibility and 

it increases with age. AIx is an indirect measure of arterial stiffness derived from 

central arterial pressure waves (Ecobici & Stoicescu, 2017). 
 

Brachial flow-mediated dilation (FMD) is another non-invasive measure of endothelial 

function and is considered the gold standard for measurement in this area (Raitakari 

& Celermajer, 2000). FMD is said to represent arterial functioning following NO 

release from the endothelium and thus act as a marker for vascular function 

(Thijssen et al., 2011). It is a non-invasive ultrasound measurement of blood flow 

following occlusion and is compared to the response following the administration of 

sublingual nitroglycerin, which is an endothelium-independent dilator. Although FMD 

benefits from being a non-invasive measurement, it is difficult to perform and requires 

extensive training and skill (Raitakari & Celermajer, 2000), making it a less 

appropriate tool in a research setting. There is impairment in brachial FMD with age, 

which may be due in part to a reduction in NO synthesis by NO synthase (Gates et 

al., 2007; Yeboah et al., 2007). Similar to PWV and AIx, FMD is a predictor of 
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cardiovascular events. For every 1% increase in FMD, the risk of experiencing a 

cardiovascular event is reduced by 13% (Inaba et al., 2010) 

1.4.2 Microvascular assessment 

The microcirculatory system is made up of the smallest blood vessels such as 

capillaries and arterioles. It is responsible for adjustments in vascular tone that match 

tissue perfusion with oxygen demand (Gutterman et al., 2016). The microvasculature 

has a crucial role in modulating vascular tone by the release of NO, other ROS, and 

arachidonic acid metabolites from the endothelium (Gutterman et al., 2016). 

Dysfunction in the microvasculature, similar to the macrovascular system, is a 

predictor of CV events (Lanza & Crea, 2010).  

 

Reactive hyperaemia (RH) is a phenomenon that occurs following arterial occlusion, 

in which there is a sudden rise in skin and muscle blood flow above resting levels. 

Blood flow is initially high but returns to the pre-occlusive level within a few minutes 

(Imms et al., 1988). Measurement and assessment of this non-invasive yet sensitive 

post-occlusive reactive hyperaemia (PORH) is used as an indicator of macro- and 

micro-vascular dysfunction (Yamamoto-Suganuma & Aso, 2009).  

 

Assessment of PORH may be a reflection of microvascular endothelial function, 

which is dependent on NO production in endothelial cells (Yamamoto-Suganuma & 

Aso, 2009). These same authors identify two phases of RH: 1) a peak response that 

occurs within a few seconds post-occlusion and 2) a prolonged total hyperaemia 

period that reflects the blood flow debt repayment. Results from a study by Tagawa 

et al. (1994) suggest that NO plays a small but significant role in maintaining 

vasodilation subsequent to the peak or maximal reactive hyperaemia response but a 

minimal role at the peak or early phase, as characterised by Yamamoto-Suganuma 

and Aso (2009). The maximal peak blood flow (MPF) and the time to MPF after 

ischaemia are generally used as indices of microvascular endothelial function 

(Yamamoto-Suganuma & Aso, 2009). 

 

PORH has been found to be associated with several risk factors for CVD, for 

example high blood pressure (Carberry et al., 1992). Carberry, Shepherd and 
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Johnson (1992) outline that the vasodilatory capacity of forearm skin is reduced in 

individuals with hypertension and that an increased resistance to blood flow is key in 

the maintenance of this high blood pressure. A more recent study identified a 

significant correlation between impairment of PORH and cardiovascular risk factors 

in a healthy female population (Vuilleumier et al., 2002).  

 

Measurement of PORH and other RH markers by laser Doppler is considered a 

valuable, non-invasive tool to monitor and assess the functioning of the 

microvascular system. PORH is therefore a sensitive marker of vascular function in 

both healthy (Vuilleumier et al., 2002) and diseased populations (Yamamoto-

Suganuma & Aso, 2009). A major advantage of using laser Doppler is its sensitivity 

at detecting changes in skin blood flow in response to given stimuli (Cracowski et al., 

2006). Cracowski et al. (2006) describe a number of ways to minimise the variability 

of laser Doppler measurement of microvascular function but this variability can be a 

significant limitation of microvascular assessment.  

1.4.3 Assessing functional capacity  

A well-used assessment tool into old age is the measurement of ADL performance 

and capacity. For example, the 6-minute walk test (6MWT) tests exercise tolerance, 

aerobic capacity and endurance, most often in participants with CVD or pulmonary 

disease (Steffen et al., 2002). Other tests include hand-grip strength, sit-to-stands 

and timed-up-and-go (TUG). TUG, for example, is a basic assessment of balance 

during a simple task that has good reliability within and between investigators 

(Steffen et al., 2002). Each of these tasks, as well as measures of agility, muscle 

strength, and lung capacity, may highlight the risk of falls or a lack of independent 

movement. These are important in tasks that require quick movement, such as 

getting off the bus in time and answering the phone and are highly relevant in an 

ageing population. More attention is rightly turning to outcomes relevant to daily 

living, as opposed to clinical values and measurements. For example, basic ADLs 

consist of feeding, bathing and using the toilet, whilst instrumental ADLs refer to 

shopping, cooking and housework (Kingston et al., 2012). These are essential 

measures of disability in older adults, particularly the very old (Kingston et al., 2012).  
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Lung function can also be used as a measure of functional capacity and tests such 

as spirometry are widely used to determine the presence of respiratory disease. 

Spirometry measures lung volume against time and is quick and easy to use (Ranu 

et al., 2011). It has been shown that compounds that inhibit the breakdown of cGMP, 

such as sildenafil, have positive effects on pulmonary vascular resistance (Beghetti 

et al., 2014). Sildenafil preserves levels of cGMP, which is a downstream target of 

NO, thus enhancing NO-mediated vasodilation in the pulmonary blood vessels 

(Chapman et al., 2009).   

 

The presence of NO in the lung specifically is measured by fractional exhaled nitric 

oxide (FeNO). NO production in the lung has been implicated in the pathophysiology 

of asthma and other lung diseases due to its key role in lung biology (Dweik et al., 

2011). These roles include, but are not limited to, vasodilation, neurotransmission, 

bronchodilation, and mediation of inflammatory responses (Nathan & Xie, 1994; 

Ricciardolo, 2004 for review). Guo et al. (2000) described the role of NO in asthma, 

suggesting higher concentrations in asthmatic individuals, as well as an increase in 

L-arginine, which is the precursor to NO production. Ricciardolo (2004) also 

describes abnormal concentrations of NO in activated states of inflammatory airway 

disease. As discussed previously, NOS catalyses the oxidation of L-arginine to 

generate NO and this occurs in various cell types in the respiratory tract, as with 

other parts of the body (Ricciardolo, 2004). Exhaled NO is derived primarily from the 

lower respiratory tract, in particular from the airways of the lung (Kharitonov et al., 

1996), and the correlation between it and some measures of airway inflammation 

implicate FeNO as a measure of NO production (Travers et al., 2007). Both 

spirometry and FeNO are straightforward and quick tests of lung function and the 

latter can be influenced by external stimuli such as dietary nitrate. 

1.4.4 Assessing cognitive function 

Age-associated cognitive decline or memory impairment (AAMI) describes benign 

and non-clinical cognitive deficits associated with ageing (Werner & Korczyn, 2008). 

MCI, however, involves cognitive decline to an extent beyond what is expected with 

age or educational background (Werner & Korczyn, 2008). This is most often 

diagnosed through the use of a Mini Mental State Exam (MMSE) or equivalent. 
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Cognitive function, on the other hand, can be assessed by a plethora of cognitive 

tasks, both computer- and paper-based. Collerton et al. (2007) described that 

computer- and paper-based tests were equally effective for assessing cognitive 

function in older adults but computerised tests were more acceptable to both 

participants and investigators. Computer-based batteries are frequently used in 

cognitive assessment and resources such as the Cambridge Neuropsychological 

Testing Automated Battery (CANTAB) and CogTrackTM allow the allocation of tests to 

key areas of interest, such as a healthy cohort or a population at risk of cognitive 

impairment. A number of computer-based assessment tools have been reviewed by 

Wild et al. (2008). Computerised batteries are more sensitive and precise and can be 

highly standardised (Luciana, 2003; Wild et al., 2008), and also reduce the time 

required of the investigator. Paper-based tasks, however, such as the Trail Making 

Task (TMT) are often utilised in research (LaRoche et al., 2014; Justice et al., 2015), 

which involves connecting numbered circles with a line or connecting numbered and 

lettered circles in sequence. Combinations of cognitive tasks can be used to inform 

functioning in certain domains or areas of the brain, for example in global cognition, 

executive functioning, attention, or psychomotor speed.  

 

The fact that both computer- and paper-based cognitive assessments are employed, 

spanning a large variety of tasks, makes it difficult for applicable conclusions to be 

drawn. Furthermore, confounders such as practice effects have been identified in 

serial cognitive assessment, which can affect clinical outcomes (Goldberg et al., 

2015). Using alternative forms or pre-baseline testing, however, are appropriate 

solutions to this problem (Goldberg et al., 2015).  

1.4.5 The role of NO in age-related diseases 

A common theme throughout the preceding sections is the reduction in NO 

production in the endothelial cells or availability with age, which can manifest itself in 

vascular dysfunction and dementia. Given the role of endothelial and vascular 

dysfunction in disease it is beneficial to research NO production and ways to 

maintain it into older age. NO plays such a large role in maintaining a healthy 

vasculature and this itself is associated with quality of life into older age (Miller et al., 

2012). There is a substantial body of research on the pathways involved in NO 
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production and a brief summary will be presented here. There is then opportunity to 

explore ways to manipulate these pathways to ensure the maintenance of NO 

production with ageing. 

1.5 NO production 

It wasn’t until the discovery of NO as an endothelial-reducing factor that research into 

the effects of NO and consequently dietary nitrate began. Louis Ignarro, who won the 

Nobel Prize for demonstrating the properties of NO, elegantly described the 

signalling roles of NO in a review (Ignarro, 2002); the vasodilatory pathway was also 

described in brief in Chapter 1.3.1. NO has wide diffusibility in the body and is crucial 

for endothelial integrity, vascular smooth muscle cell proliferation and the regulation 

of vascular tone and blood pressure (Ignarro, 2002). 

 

The classical pathway for the generation of NO is via NO synthases, producing NO 

from the precursor amino acid, L-arginine. Until the 1990s, this was thought the only 

pathway for the production of NO and the breakdown products, nitrate and nitrite, 

were thought inert waste products (Moncada & Higgs, 1993). However, two research 

groups discovered that the pathway could in fact be reversed, with NO being 

produced from the breakdown of nitrate and nitrite in a stepwise manner (Benjamin et 

al., 1994; Lundberg et al., 1994). This process does not require NO synthases and 

has been found to be even more efficient at times of hypoxia in tissues. The non-

enzymatic system therefore acts as a back-up system to the enzymatic pathway 

during periods of low oxygen. It is the non-enzymatic production of NO from nitrate 

that will be focussed on here, as this system can be manipulated through dietary 

components. 

 

The conversion of inert nitrate to the bioactive NO spurred research into dietary 

nitrate and a study by Larsen et al. (2006) was the first to discover a positive effect, 

akin to that exerted by NO, on the cardiovascular system from dietary nitrate intake. 

The breakthrough by Larsen et al. in 2006 led to scientists studying dietary nitrate 

intake manipulation to induce positive effects on vascular function and blood 

pressure in the human body. 
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1.5.1 Nitrate and nitrite 

Inorganic nitrate has been long-used as a method of acutely lowering blood pressure, 

first used by the Chinese to treat coronary artery disease as far back as 700 AD 

(Butler & Feelisch, 2008). The bioconversion of nitrate to nitrite and further to NO and 

other secondary reaction products is thought to underlie any protective effects on the 

cardiovascular system (Lundberg et al., 2006). Nitrate itself serves as the primary 

plant form of the nutrient and must undergo metabolic activation to an active form i.e. 

nitrite (Bryan & Ivy, 2015). Nitrite, however, is an active secondary breakdown 

product of nitrate and although nitrite was long considered to be equally inert, more 

recent research established that nitrite forms a stable reservoir for the bioactive NO 

during hypoxia when the oxygen-dependent pathway involving NO synthases is 

limited (Shiva, 2013). 

 

Nitrate and nitrite have been used for centuries in cheese production and for the 

curing and preservation of meat and fish. The addition of nitrite in the curing of meats 

contributes to the flavour by inhibiting rancidity, forms an attractive pink colour 

through interaction with myoglobin and inhibits the growth of bacteria, specifically 

Clostridium botulinum (Bryan & Ivy, 2015). High nitrate levels accumulate in the 

leaves of green leafy vegetables and in roots such as beetroot. Vegetables contribute 

the largest proportion of dietary nitrate to the diet and will be discussed in more detail 

in Chapter 1.6. Common sources of nitrate and nitrite are shown in Table 1.1. A small 

amount of dietary nitrate comes from drinking water but the nitrate content does vary 

across regions. WHO recommendations limited the concentration of nitrate in 

drinking water to 50mg/L in Europe, due to historical cases of “blue baby syndrome” 

that were linked to contaminated well water high in nitrate. Blue baby syndrome is 

caused by methemoglobineamia, which is anaemia resulting from the oxidation of the 

ferrous iron in haemoglobin, forming methemoglobin (Manassaram et al., 2010). This 

acute toxicity and its link to nitrate and nitrite is being contested due to the high levels 

of bacteria present in the well water (Powlson et al., 2008). However, high nitrate and 

nitrite intake in infants and young children should be cautioned.  

 

Another concern with nitrate and nitrite intake is the potential formation of N-

nitrosamines, of which some are carcinogenic. A number of epidemiological studies 
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have tested the link between nitrate and stomach cancer but have found no 

conclusive link between the incidence and mortality of the cancer and nitrate intake 

(Powlson et al., 2008). Processing of nitrite in the acidic stomach produces nitrous 

acid (HNO2) and dinitrogen trioxide (N2O3), which produce N-nitrosamines when they 

react with dietary secondary amines (Schoental, 1963). There is equivocal research 

surrounding the roles, if any, of nitrite and N-nitrosamines in human cancer and a 

review of these is beyond the scope of this thesis. Studies in this area have been 

reviewed by a number of authors (Bryan & Ivy, 2015; Omar et al., 2012) and a finding 

relevant to this thesis has been highlighted: antioxidant compounds, such as those 

found in fruit and vegetables, inhibit nitrosation pathways that produce N-

nitrosamines (Bartsch et al., 1988; Tannenbaum et al., 1991). Furthermore, a diet 

rich in fruit and vegetables, some of which are known to be high in nitrate, has been 

found to be reduce the risk of some cancers (Benetou et al., 2008; González et al., 

2006).  

 

The accurate analysis of nitrate and nitrite in vegetables and biological tissues is 

undoubtedly important and a number of methods are available, differing in sensitivity. 

Nitrate and nitrite can be analysed using high-performance liquid chromatography 

(HPLC), gas chromatography-mass spectrometry (GC-MS), colorimetry, or 

chemiluminescence (Jobgen et al., 2007; Moorcroft et al., 2001). Nitrate and nitrite 

content of vegetables is often analysed using GC-MS, which involves the reduction of 

nitrate to nitrite followed by derivatization with, for example, sulphanilamide 

(Campanella et al., 2017). This method is often limited by interference between 

compounds. HPLC allows for simultaneous assessment of nitrate and nitrite but lacks 

sensitivity and is, similar to GC-MS, vulnerable to interference from chloride in 

biological samples. Nitrate in, for example, cured meats and cheeses can be 

assessed by colorimetry using the Griess Method, which involves again reduction to 

nitrite and a coupling reaction that provides a red azo chromophore, from which 

nitrite concentration can be assessed (Moorcroft et al., 2001). This method can be 

limited by the reduction of nitrate to nitrite and interference with reagents. 

Chemiluminescence is unaffected by chloride and is deemed the gold standard in 

analysis of nitrate and nitrite. This method will be discussed in more detail in Chapter 

2, as it was the analysis method used in the present study. 
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Table 1.1: Common sources of dietary nitrate. 
 

Classification Source Nitrate (mg/100g) 

Very high (>250mg/100g) Rocket 260 

High (100-250mg/100g) Spinach 214 

Lettuce 189 

Radish 187 

Beetroot 146 

Chinese cabbage 139 

Medium (50-100mg/100g) Turnip 62 

Low (20-50mg/100g) Broccoli 40 

 Carrot 22 

 Processed sausages 9 

 Bacon 6 

 Banana 5 

 Water 2.6 (mg/100ml) 

Data from Hord, Tang and Bryan (2009) and Lidder and Webb (2013). 
 

It is clear that nitrate and nitrite are available both through the diet and through 

endogenous production from the oxidation of NO via the L-arginine/NOS pathway, as 

shown in Figure 1.2. Manipulation of these pathways to increase NO production is a 

focus of current research, specifically regarding the ageing process during which NO 

has been shown to be less available. There is an extensive body of literature 

surrounding the production of NO from nitrate but it will be discussed in brief here, 

paying attention to age-related changes that may affect the efficiency of the pathway. 
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Figure 1.2: Schematic of the nitrate-nitrite-NO pathway. Abbreviations – NO: nitric 
oxide, NOS: nitric oxide synthase, deoxy-Hb: deoxyhaemoglobin, deoxy-Mb: 
deoxymyoglobin. Created using information from Weitzberg and Lundberg (2013), 
Kobayashi et al. (2015) and Shannon et al. (2017). 
 

1.5.2 Salivary pathway 

When consumed and once in the bloodstream, dietary nitrate mixes with 

endogenously produced nitrate (McKnight et al., 1997), reaching a peak plasma 

concentration within 60 minutes following ingestion; it is then distributed throughout 

the body via the circulatory system. 75% of the nitrate is excreted in urine by the 

kidneys, unprocessed (Spiegelhalder et al., 1976). It is also thought that some nitrate 

is excreted in sweat and faeces (Saul et al., 1981; Weller et al., 1996). The remaining 

25% of the absorbed nitrate is extracted from the blood, transported to the salivary 

glands and into the oral cavity through the saliva (Duncan et al., 1995; Spiegelhalder 

et al., 1976). This can be seen in Figure 1.3. 
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Figure 1.3: Schematic of the enterosalivary nitrate pathway. Adapted from 
Bondonno et al., 2015.  
 
The process of nitrate breakdown in the mouth has been widely studied and has 

been found to occur due to a symbiosis between mammals and bacteria designed to 

convert nitrate to nitrite (Duncan et al., 1995). Microbial reduction of nitrate in the 

mouth was suggested as early as 1976, with experiments showing that saliva from 

the salivary glands contained nitrate but not nitrite (Spiegelhalder et al., 1976). 

Dietary nitrate is broken down in the mouth by commensal bacteria with nitrate 

reductase activity, for example Staphylococcus species. Bacteria are necessary in 

this process because humans lack the functional enzyme, nitrate reductase, to 

reduce nitrate to nitrite (Bryan, 2015). The oral bacteria are located in the deep 

interpapillary clefts of the posterior surface of the tongue, which allow for a greater 

density of bacteria (Duncan et al., 1997). When these bacteria use nitrate as an 

alternative electron acceptor in their energy production, nitrite is produced as a by-

product (Spiegelhalder et al., 1976). 

 

Without the oral microflora, nitrate would be excreted from the body in an unmodified 

state, as demonstrated by many studies using antibacterial mouthwash. For 

example, Govoni et al. (2008) demonstrated that rinsing the mouth with antibacterial 

mouthwash prior to a nitrate load abolished the conversion of nitrate to nitrite in the 

saliva. This study found that the mouthwash had no effect on the accumulation of 



 23 

nitrate in the saliva or plasma, indicating that commensal bacteria in the mouth are 

necessary for the conversion of nitrate to nitrite; antibacterial mouthwash thus stops 

the nitrate reductase activity of oral bacteria. In addition, avoidance of swallowing 

following a nitrate load was shown to stop the rise in plasma nitrite (Lundberg & 

Govoni, 2004). In this study, participants avoided swallowing for one hour after the 

nitrate load and when swallowing resumed, plasma nitrite levels increased. These 

studies not only elegantly demonstrate the importance of saliva in the production of 

plasma nitrite but also indicate that the contribution of other reductase enzymes, 

such as mammalian xanthine oxidoreductase (Zhang et al., 1998), is very small in 

the breakdown of nitrate to nitrite. 

1.5.3 Nitrite to NO 

Upon swallowing, the nitrite produced from nitrate in the saliva enters the circulation 

(Larsen et al., 2006; Webb et al., 2008). When nitrite comes into contact with the 

acidic environment in the stomach, some is further converted to NO and the 

remainder is absorbed back into the bloodstream, raising circulating plasma nitrite 

levels (Webb et al., 2008). In the stomach, NO has been found to increase the gastric 

mucosal blood flow and the thickness of mucus in rodents, thereby help to protect 

against pathogens (Björne et al., 2004). Nitrite has a half-life of around 40-50 minutes 

(Dejam et al., 2007) and is therefore considered a somewhat stable reserve of NO. 

Plasma nitrite levels have been found to reflect acute changes in eNOS and act as a 

reliable marker of NO availability (Lauer et al., 2001). The reduction of nitrite to NO is 

particularly prevalent in hypoxic tissues, such as contracting skeletal muscle. Nitrite 

is reduced to NO by members of enzyme families that possess nitrite-reductase 

activity, for example deoxymyoglobin and NO synthases (Cosby et al., 2003; Vanin et 

al., 2007).  

 

NO has a short half-life of less than one second (Kelm & Schrader, 1990) but has a 

number of actions in the body including, but not restricted to, glucose and calcium 

homeostasis (Stamler & Meissner, 2001), immune function (Bogdan, 2001), 

vasodilation (Moncada & Higgs, 1993) and neurotransmission (Bult et al., 1990). 

Remaining nitrate, nitrite and NO from the processes detailed above diffuse to the 

general circulation and contribute to the NO pool (Lundberg et al., 2006). Therefore, 
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the ingestion of dietary nitrate, most prominently through vegetable sources, can be 

viewed as a key modulator of the beneficial activities of NO.  

1.5.4 NO formation and ageing 

A number of symptoms known to be associated with the ageing process may 

attenuate the efficiency of the nitrate-nitrite-NO cycle. For example, older adults may 

suffer from a reduction in or absence of hydrochloric acid secretion (achlorhydia) in 

the stomach and this may influence the reduction of nitrite to NO in the gastric 

environment (Lundberg et al., 1994). Furthermore, salivary breakdown of nitrate to 

nitrite may be influenced by other features of ageing such as a dry mouth, intestinal 

health and changes to the populations of oral bacteria. Percival, Challacombe and 

Marsh (1991) found that Lactobacilli, opportunist pathogens and Staphylococci in 

saliva increase with age and the prevalence of Actinomyces species shifted. 

Staphylococci species are nitrate-reducers, so preponderance in these bacteria in 

the mouth may work to increase salivary nitrate to nitrite breakdown. However, the 

work by Percival, Challacombe and Marsh (1991) shows an increase in both 

pathogenic and pathogenic-protective bacteria in the mouth such as Lactobacilli, 

making it difficult to draw conclusions as to the beneficial or negative effects of 

bacterial changes with age. Little work has been carried out on salivary bacterial 

changes with age since but this is an important avenue of research in the context of 

the nitrate-nitrite-NO pathway. Overall, changes in the environment that support NO 

production suggest that overall NO production from dietary nitrate will be reduced in 

older adults compared to a younger population. 

 

Ageing may also be associated with reduced sensitivity to the effects of NO, 

specifically its dilatory properties. Early rodent studies found an impaired vasodilatory 

response of vascular smooth muscle in older animals and a reduced responsiveness 

to endothelium-dependent vasodilators, such as NO (Kung & Luscher, 1995; 

Winquist et al., 1984). Additionally, as mentioned previously, levels of L-arginine and 

tetrahydrobiopterin, which is a co-factor for NO production, are reduced in older age, 

which will have a deleterious effect on overall endogenous NO production. Lyons et 

al. (1997) for example, directly compared 12 young and 12 older participants and 

postulated that the basal release of NO from the endothelium of resistance vessels in 
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the older group was lower than the younger group, which explains the blunted 

response to infusion of NG-monomethyl-L-arginine (L-NMMA), a NO synthase 

inhibitor.  

 

A meta-analysis by Lara et al. (2016) reported that the effect of dietary nitrate on 

endothelial function was reduced with age. The authors found that improvements in 

endothelial function following nitrate supplementation were greater in those below the 

age of 60 years than those above 60 years. A study by Gilchrist et al. (2013) for 

example, demonstrated that, in adults aged 67±5 years, plasma nitrate and nitrite 

levels increased in response to dietary nitrate supplementation but there was no 

effect on blood pressure or endothelial function. This suggests that although the 

nitrate-nitrite-NO salivary pathway may be functioning, basal NO is already low or the 

resistance vessels are not responding to an increase in NO from dietary nitrate 

breakdown. However, this study was carried out in patients with Type 2 diabetes and 

factors associated with the chronic disease may attenuate responses to nitrate loads. 

Due to a lack of research in more prolonged dietary nitrate supplementation, Lara et 

al. (2016) recommend that longer-term studies are carried out assessing dietary 

nitrate and endothelial function, especially in older adults and those with higher risk 

of CVD. 

 

To this point, it is clear that the biology of ageing impacts on resistance vessels, 

contributing to hypertension and vascular dysfunction. Dietary nitrate has been 

repeatedly shown to be an effective means of increasing circulating NO levels in the 

body but it is unclear as to the mechanisms surrounding age-related differences in 

responses to or production of NO. It is possible that higher doses of dietary nitrate 

may elicit more favourable responses in an older population but nitrite toxicity 

demonstrates the need for caution, particularly with nitrate and nitrite use out with the 

natural context of vegetables i.e. in salt form. Dietary nitrate intake through vegetable 

consumption remains a safe and effective way to increase NO production in the 

body, at least in a younger population. What is less clear is the additive effect, if any, 

of prolonged intake of nitrate-rich vegetables, especially in older adults with a 

dampened response to an acute dose. Active nutrients in vegetables can have 

synergistic effects when consumed in the whole form and the increased fibre 

recommendations in the UK can be achieved more easily through the intake of whole 
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vegetables. Studies on extended intake of high-nitrate vegetables, consumed in their 

whole form, will be a valuable addition to the NO research, as they encompass not 

only the specific role of dietary nitrate but also the benefits of increasing vegetable 

consumption overall. 

1.6 Lifestyle modification and disease 

Lifestyle modification is often the first line of prevention of or treatment for many 

conditions. For example, Public Health England introduced salt reduction targets for 

convenience foods to reduce the salt content of the diet (PHE, 2017), in an effort to 

reduce the risk of high blood pressure and consequently stroke and CVD. Another 

lifestyle factor that can play a role in diseases such as these is a diet rich in fruit and 

vegetables. This dietary modification, along with a reduction in saturated fat, can 

substantially lower blood pressure (Appel et al., 2006) and forms the basis of the 

“Dietary Approaches to Stop Hypertension” or DASH. A high fruit and vegetable diet 

is also associated with a reduced risk of CHD and ischaemic stroke (Bazzano et al., 

2002; Joshipura et al., 1999). More specifically, Joshipura et al. (1999) concluded 

that cruciferous and green leafy vegetables, as well as citrus fruits and juice, were 

particularly beneficial in this context. Fruit and vegetables can also provide folate, of 

which low serum levels have been associated with hypertension (Robinson et al., 

1998; Forman et al., 2005). Despite this, increasing habitual fruit and vegetable 

intake in the population has been an ongoing challenge and the five-a-day 

recommendations, which would supply beneficial nutrients, are not yet being met 

(Brown et al., 2016). 
 

The WHO recommends that each individual consume 400g of fruit and vegetables 

per day, which corresponds to five portions of 80g. Those aged 65-74 years eat the 

most fruit and vegetables but only 24% of men and 27% of women across the age 

groups consume the recommended five-a-day (Brown et al., 2016). Consequently, 

the recommended 400g intake of fruit and vegetables is not being achieved and thus 

micronutrient intake is likely below an adequate level. Rink et al. (2013) suggest 

reduced levels of oxidative stress biomarkers and an increased antioxidant defence 

in those who meet the five-a-day recommendation, at least in some populations such 

as pre-menopausal women. 
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Fruit and vegetables contain an abundance of different vitamins, minerals and other 

nutrients, which can often work synergistically to have a greater effect together than 

on their own. Vitamin C, for example, which is found in large quantities in many fruit 

and vegetables, has been found to greatly enhance the generation of NO from nitrite 

(Modin et al., 2001) and the absorption of iron from foods (Hallberg et al., 1989). 

Furthermore, vitamin C is a potent antioxidant that can scavenge radicals by 

donating electrons (Padayatty et al., 2003). Polyphenols, again through their 

antioxidant properties, also reduce the scavenging of NO and enhance nitrite 

reduction to NO (Weitzberg & Lundberg, 2013), thereby increasing the bioavailability 

of NO. Therefore, the combination of vitamin C, polyphenols and nitrate in food, for 

example, may contribute to a more potent effect that the nutrients in isolation.  

With a reluctance in the general population to consume more fruit and vegetables 

overall, highlighting the benefits of a smaller number of select products may help 

consumers initiate the behavioural change towards increasing consumption. There 

has been a recent turn towards so-called ‘functional foods’ for their specific effects on 

health and disease. Functional foods are foods that deliver additional or enhanced 

benefits beyond the provision of essential nutrients (Hasler, 2002). Functional foods 

will have an active ingredient or various active components that can positively impact 

on health. There is good evidence for the application of functional foods in areas 

such as cardiovascular risk and cognitive function, where researchers have 

investigated pomegranate, berries and nuts, for example, and shown positive effects 

(Pribis and Shukitt-Hale, 2014; Asgary, Rastqar and Keshvari, 2018). 

The benefits of nitrate have been discussed previously, in addition to the foods that 

are rich in this nutrient. High-nitrate foods such as beetroot, which is the focus of this 

thesis, may therefore be classed as functional foods because of their specific effect 

on vascular function. It has been suggested that a major benefit of a high vegetable 

intake to CVD comes from the nitrate content of these foods (Lundberg et al., 2006). 

The Japanese diet, for example, delivers around 18.8mg/kg/day of nitrate, which is 

significantly higher than a Western diet and this population has one of the lowest 

incidences of hypertension and CVD in the world (Sobko et al., 2010). A study by 

Ashworth et al. (2015) on healthy female volunteers compared the effects of one 

week of consumption of high nitrate vegetables to a control group where they were 
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avoided and found a reduction in blood pressure only in the high nitrate group. This 

study had a small sample size and is short in duration but highlights that it is not 

necessarily all vegetables per se that provide benefit to the cardiovascular system. It 

has been proposed that potassium plays a large role in the blood pressure-lowering 

effects of fruit and vegetables (Adrogue and Madias, 2007), however further research 

has moved away from this theory (Webb et al., 2008).  

1.7 Nitrate intake from vegetables 

Daily dietary nitrate intake is around 81-106mg (Coles & Clifton, 2012) with up to 

80% of this coming from vegetables in a typical Western diet (Lundberg et al., 2004). 

The rest, 35-44mg/day, comes from cured meats and water, as mentioned 

previously. The acceptable daily intake (ADI) for nitrate is set at 3.7mg/kg body 

weight/day, amounting to around 296mg for an average 80kg male. The ADI is an 

estimate of the maximum amount of a substance that can be ingested daily over a 

lifetime without presenting an appreciable health risk (EFSA, 2018). However, 

adherence to the DASH can lead to daily consumption of around 1222mg nitrate 

(Hord et al., 2009). Furthermore, if consuming a Japanese diet, this would amount to 

1504mg/day in an 80kg male, around five times higher than the ADI. A Japanese diet 

is rich in vegetables that have a high nitrate content and rank highly on the nitrate 

veg-table created by Lidder and Webb (2013), typically containing both spinach and 

Chinese cabbage. Vegetables with large green leaves, such as spinach, extract more 

nitrate from the soil than other vegetables in order to facilitate growth. The six 

highest-ranking vegetables are as follows in order of content: rocket, spinach, lettuce, 

radish, beetroot, and Chinese cabbage. The average nitrate content of these 

vegetables is around 124mg per UK portion of 80g. Of these high-nitrate vegetables, 

beetroot has become a focus of research because of its availability, low cost, and 

acceptability as a supplement.  

1.8 Beetroot as a functional food  

Beetroot is a member of the Chenopodiaceae family, which also includes spinach 

and chard. It is a widely consumed vegetable in traditional Western cooking 

(Morgado et al., 2016). Red beetroot (Beta vulgaris rubra) has been used as food 

since 1000 B.C. with the Romans using the leaves for food and the roots for 
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medicinal purposes (Ninfali & Angelino, 2013). From here on, red beetroot will be 

referred to as beetroot.  

1.8.1 Nitrate levels  

Beetroot and other bulbous vegetables store nitrate in their roots in high 

concentrations. As mentioned previously, beetroot sits within the highest-ranking 

vegetables for nitrate content; per 100g of fresh weight, beetroot contains more than 

250mg of nitrate (Hord et al., 2009) (Table 1.1). However, the nitrate level in beetroot 

varies greatly during the season, with vegetables harvested in the summer containing 

substantially lower levels of nitrate; this is due to light reducing the nitrate 

accumulation (Umar & Iqbal, 2007). The nitrate content of the vegetable is also very 

dependent on the nitrate concentration of the soil in which it is grown and the 

presence or lack of nitrogen-based fertilisers (Gee & Ahluwalia, 2016). Although the 

nitrate content of beetroot can vary, average levels are still high and nitrate remains 

the most bioactive component of this vegetable. The nutritional profile of beetroot can 

be seen in Table 4.1.  

 

In addition to nitrate however, beetroot does contain many other active compounds 

that may prove beneficial to health including phenolic acids, flavonoids, carotenoids, 

ascorbic acid, and betalains (Georgiev et al., 2010; Wootton-Beard & Ryan, 2011). 

Phenolic acids and flavonoids are compounds found in many other vegetables but 

beetroot is quite unique in its betalain content, with only a few other plants containing 

this compound. Wootton-Beard et al. (2014) found that, excluding nitrate, the 

yellow/orange pigment neobetanin was the predominant secondary metabolite in 

beetroot juice.  

1.8.2 Betalains 

Betalains are water-soluble derivatives of betalamic acid (Esatbeyoglu et al., 2015) 

and there are two subclasses: betacyanins and betaxanthines, which give beetroot 

its red or yellow colour respectively. Beetroot contains an average of 120mg of 

betalains per 100g of fresh weight (Lee et al., 2014). Betalains are characteristic of 

species in the order Caryophyllales, with beetroot and prickly pear being the only 

edible food products containing these pigments (Kujala et al., 2002). They 
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accumulate in the cell vacuoles of flowers, fruits and leaves, mainly in epidermal or 

sub-epidermal tissues and act as pollinator attractants or protective compounds. 

Betanin is a betacyanin, giving red beetroot its distinctive rich colour and it is 

therefore widely used as a food colourant (E162) in many dairy products such as 

milk, ice cream and yoghurt, juices, and sweets. 

 

Betalains are similar to anthocyanins, which give foods such as red cabbage and 

blackberries their bright red/purple colouration. However, beetroot is one of the few 

edible and accessible plants to contain the potent betalains. Anthocyanins and 

betalains play exactly the same role in plants and every species of plant will contain 

one or the other of these compounds (Wootton-Beard et al., 2014). The antioxidant 

effects of anthocyanins have been well described in the literature (Basu et al., 2010; 

Fang, 2014) and it is not unjust to assume a similar effect of betalains if applied in the 

same conditions. The antioxidant activity of fruits and vegetables is measured on an 

ORAC scale and beetroot is ranked among the top 10 most potent vegetables with 

regards to antioxidant activity (Lee et al., 2014). In beetroot, the content of flavonoids 

and phenolic acids is thought to be too low to account fully for the observed 

antioxidative effects. Therefore, it is proposed that the betalain, betanin, and its 

degradation product neobetanin has comparable effects to phenolic compounds 

(Wootton-Beard et al., 2014). Betanin is a betanidin 5-O-beta-glucoside containing a 

phenolic and a cyclic amine group, both of which act as antioxidants by donating 

electrons (Kanner et al., 2001). Both betaxanthins and betacyanins have a radical-

scavenging capacity three to four times that of ascorbic acid, catechin and rutin in the 

DPPH assay (Cai et al., 2003). Sawicki, Bączek and Wiczkowski (2016) 

demonstrated that the antioxidant capacity of beetroot was positively and significantly 

associated with betalain content. Oxidative damage to cells, proteins, lipids and DNA 

accumulates with age and contributes to the pathogenesis of age-related 

degenerative diseases such as CVD, cancer and osteoporosis (Scalbert et al., 2005). 

Antioxidants found in foods are therefore widely studied, as they have the potential to 

limit oxidative damage by acting directly on ROS or by stimulating endogenous 

defence systems (Scalbert et al., 2005).  

Betalains have also been found to have anti-radical and anti-cancer activities 

(Zielińska-Przyjemska et al., 2012; Esatbeyoglu et al., 2015). They have been found 
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to protect LDLs from oxidation, even at low concentrations (Kanner et al., 2001). 

Tesoriere et al. (2004) demonstrated that biomarkers of lipid oxidation, for example 

lipid hydroperoxide, were reduced by betalains. Betalains reach the plasma in 

relatively high concentrations but have a short half-life in the plasma and erythrocytes 

of around five hours (Wootton-Beard et al., 2014). These researchers demonstrated 

a maximum plasma betanin concentration of 0.2µmol/L around three hours after a 

16mg dose of betanin. Betalains can also be incorporated into red blood cells, 

protecting them from oxidative haemolysis (Sawicki et al., 2016). Research suggests 

that phenolic compounds could be beneficial to endothelial function by stimulating the 

synthesis of NO (Heiss et al., 2003; Schini-Kerth et al., 2010). However, none of the 

nitrogen-containing glycosylated and phenolic compounds in beetroot, such as 

betacyanins, betaxanthins, and ferulic acid, have been found to increase NO 

synthesis (Kujala et al., 2002).  

It may be, despite the known specific actions of compounds such as betalains and 

nitrate that the whole complex of active components in beetroot work synergistically 

to protect cells and have other beneficial effects on the body. Indeed, Cao et al. 

(1998), for example, suggests that the perceived benefits of a high intake of fruit and 

vegetables on the risk of disease is not exclusively due to the action of single 

antioxidants, rather from the combination of various antioxidants present in foods. 

However, before conclusions can be drawn on the beneficial activities of compounds, 

their bioavailability within the human body must first be demonstrated. 

1.8.3 Bioavailability of the active components in beetroot 

The bioavailability of a compound is the proportion that is digested, absorbed and 

metabolised through normal pathways in the body (Pandey & Rizvi, 2009) and 

reaches the circulation unchanged. The efficacy of dietary compounds cannot be fully 

elucidated unless their bioavailability in the body has been determined. Ingested 

nitrate is quickly and effectively absorbed in the upper GI tract or small intestine with 

a bioavailability of almost 100% (Bescús et al., 2011). This demonstrates that the 

nitrate content of beetroot can still be considered functional following ingestion. There 

is no effect of cooking on the bioavailability of nitrate from vegetables, as evident 

from comparable values following consumption of raw lettuce and cooked beetroot 

and spinach (van Velzen et al., 2008). 
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The bioavailability of nitrate from beetroot is certainly high in young, healthy 

individuals, on whom bioavailability studies are most often carried out, but Siervo et 

al. (2015) found age differences in plasma nitrite concentrations following 

consumption of beetroot juice. Variability in plasma nitrite concentrations, as 

discussed in Chapter 1.5, can allude to either a reduction in dietary nitrate initially 

reaching the blood or an impaired breakdown of nitrate to nitrite in the saliva, despite 

high availability of nitrate in the circulation. These authors postulate that age 

differences could be reflected in, for example, oral microbiota, gastric redox 

environment and oxygen tension, and that higher doses of nitrate may be necessary 

in older individuals to make up for the differences in bioavailability. Conversely, 

Presley et al. (2011), in a study on cerebrovascular blood flow (CBF) following a high 

or low nitrate diet, found rises in plasma nitrite in older adults comparable to those 

found in younger adults.  

 

It might be the case, however, that normal baseline levels of NO, produced 

endogenously from L-arginine, are reduced in older adults, regardless of a dietary 

nitrate load; this was discussed in Chapter 1.5. Indeed, Lyons et al. (1997) and Ashor 

et al. (2016) demonstrated a significantly lower baseline NO concentration in older 

adults compared to younger adults. These are the only two studies that directly 

compare the availability of and response to dietary nitrate in young and older 

participants in the same study. The pharmacokinetics of nitrate have not been 

specifically compared in younger and older adults, taking into account the many 

processes involved, such as salivary breakdown, urinary output and plasma 

concentrations. A full picture of this pharmacokinetic profile would aid research, 

especially surrounding age-related alterations in the pathways involved.    

 

Betalains can be absorbed into the circulation in their unaltered form, allowing them 

to preserve their molecular structure and biological activity (Ting et al., 2014). In 

2001, Kanner, Harel and Granit identified the betacyanins betanin and isobetanin in 

the urine of healthy volunteers following the consumption of 300ml beetroot juice at 

levels of 0.5-0.9% of the ingested total, which signifies successful absorption of 

betalains in humans. A later study by Frank et al. (2005) also identified small 

amounts of betanin and isobetanin, around 0.3% of the total ingested, in the urine of 
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young, healthy volunteers following consumption of beetroot juice. These authors 

suggested that a reason for the small traces of betalains detected is that they have 

low availability or other major pathways of elimination may exist, such as metabolism. 

Both these studies investigated bioavailability solely through urinary output, which 

does not take into account the distribution of molecules to other tissues and may 

underestimate overall bioavailability (Rein et al., 2013). 

 

In a bioavailability study, Clifford et al. (2017) were unable to detect betanin in 

plasma following consumption of whole beetroot or beetroot juice in young, healthy 

males. Tesoriere et al. (2013) investigated absorption rates of betanin from both 

cactus pear and beetroot and found that epithelial transport in a model of the 

intestinal wall was slower with beetroot-derived betanin. This could explain the 

varying bioavailability results from different sources of betanin and suggests that 

betanin availability from beetroot is lower than from other sources. However, there 

also lies a difficulty in the lack of available standards for analysis of betanin, thus the 

true bioavailability of this compound is yet to be quantified. 

 

The bioavailability of the total phenolic compounds within beetroot has been 

described by Netzel et al. (2005) but individual compounds have not been tested to 

date. Following consumption of 500ml of beetroot juice, Netzel et al. (2005) observed 

~685mg of phenolic compounds in the urine of healthy females aged 23-24 years, 

97% more than following water consumption. This demonstrates that beetroot is a 

bioavailable source of nitrate and phenolic compounds, at least in a young 

population. Further work is warranted on the bioavailability in an older population and 

with other forms of beetroot such as the whole vegetable.  

1.9 Forms of beetroot and their use in research 

Beetroot is currently widely used in nutrition and health research as a means to 

provide a source of dietary nitrate. It has been provided in a number of forms 

including juice, bread, gel and, most recently, powder. These processed products 

provide a concentrated source of bioactive compounds, some of which can be 

manipulated to form a nitrate-free “placebo” if nitrate is the primary compound under 

investigation. Nitrate has been found to be highly bioavailable following consumption 

in young participants but the pharmacokinetic profiles of nitrate following different 
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sources may vary, which can be important for the timing or frequency of consumption 

of certain beetroot products. van Velzen et al. (2008), for example, discovered 

varying plasma nitrate peaks and times to maximum following sodium nitrate, lettuce, 

spinach, and whole beetroot. Results do, however, appear to point towards a dose 

response rather than differences between sources, as different nitrate doses were 

provided with each source. 

1.9.1 Beetroot juice 

Beetroot juice is the most widely used source of dietary nitrate in research today. It is 

transportable, practical and has a nitrate-free alternative that can be used as a 

placebo drink. 70ml concentrated “shots” (Kelly et al., 2013; Jajja et al., 2014; 

Bondonno et al., 2015) or 250-500ml of regular beetroot juice (Casey et al., 2015; 

Kapil et al., 2015; Kenjale et al., 2011) are used as doses. Beetroot juice varies in its 

content from ~310 to 521mg nitrate per 100g (Morgado et al., 2016) due to varying 

seasons of harvest and processing techniques, as mentioned previously. 

Furthermore, Jajja et al. (2014) found a discrepancy in reported levels on the bottle of 

beetroot juice shots, with their analysis showing the bottles to contain 165±2mg of 

nitrate compared to the 300-400mg written on the bottles. This is a common limitation 

of research on nutrients within vegetables and it is important that the concentrations 

of the nutrients of interest are tested regularly. 

One major benefit of beetroot juice is that a nitrate-free placebo has recently been 

developed, allowing a true test of benefits specific to nitrate contained in the juice. 

These placebo drinks have been developed by manufacturers for research and are 

not available to the public. However, the effect of betalains, for example, cannot be 

tested in these placebos and instead requires other varieties of beetroot such as 

yellow beetroot to determine the role of specific red or yellow pigments. When 

considering the health benefits of fruit and vegetables, some of these come from their 

fibre content, which is lacking in juice. Whole food leads to higher satiety ratings due 

to the fibre content, volume of food, and increased chewing compared to a juice 

(Haber et al., 1977). For applicability to more prolonged interventions, therefore, 

whole foods may improve compliance. Furthermore, the sugar content of fruit and 

vegetable juices is considered high and beetroot is often sweetened or combined 

with apple juice to improve palatability. This could have consequences on dental 
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caries and overall sugar consumption in populations if they were to consume 

sweetened beetroot juice regularly over the long-term.  

1.9.2 Whole beetroot 

As with the juice, a variety of nitrate contents have been reported in whole beetroot, 

such as 110-3670mg/kg (Siervo et al., 2013) and 125mg/100g, ranging from 35 to 

258mg (van de Avoort et al., 2018). In its whole form, beetroot provides dietary fibre 

in addition to the bioactive components nitrate and betalains found in the vegetable. 

One research group examined the components of beetroot grown in organic vs. 

conventional conditions, demonstrating good levels of sugars, vitamin C, flavonoids, 

phenolic acids, and betanin in the whole vegetable (Kazimierczak et al., 2014).  

 

A bioavailability study by Clifford et al. (2017) demonstrated that both beetroot juice 

and whole beetroot raised markers of plasma NO concentrations in young, healthy 

participants, reaching a peak at two hours post-ingestion for both food products. NO 

levels remained elevated above baseline at eight hours post-ingestion with beetroot 

juice and five hours post-ingestion with whole beetroot. The reason for the disparity 

in pharmacokinetics is unclear but as the nitrate content of the whole beetroot was 

not tested, it could have been due to a smaller nitrate load provided in the whole food 

compared to the juice. Furthermore, van Velzen et al. (2008) demonstrated a 106% 

bioavailability of nitrate from 300g cooked beetroot that provided 636mg nitrate. 

Similar to the study by Clifford et al. (2017), participants were healthy and aged 

between 21 and 28 years. Both of these studies provided 300g whole beetroot in a 

sitting and compared it to a variety of other nitrate sources. Large doses such as this 

are commonplace in bioavailability studies but limit the applicability of the vegetable 

to everyday consumption. With an average vegetable portion of 80g, research into 

smaller and more practical doses are important in the area of public health and 

nutrition. The population-wide concern surrounding the lack of fruit and vegetable 

intake demonstrates the importance of research that focuses on whole fruit and 

vegetables in a real-world situation, even to simply highlight barriers to consumption 

of these whole foods in a community setting in order for appropriate 

recommendations to be made.  
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1.9.3 Other forms of beetroot – gel and enriched bread 

Morgado et al. (2016) describe the benefits of beetroot gel as being a bio-accessible 

and convenient source of compounds, with positive acceptance; their beetroot gel 

contained 620mg of nitrate per 100g. Previously, James et al. (2015) found that a 

high-nitrate gel, made from chard or beetroot, exhibited an earlier plasma nitrate 

peak compared to beetroot juice suggesting that, although eliciting the same effects, 

different nitrate sources may affect the overall plasma pharmacokinetics of nitrate. 

These types of studies need to be replicated, especially with the creation of new 

beetroot products, and sources of nitrate must be matched for nitrate content to 

establish a real comparison. The longer-term acceptance of a beetroot gel is unclear 

and, similar to beetroot juice, concentrated gel contains a higher sugar content than 

less processed products. This makes the long-term applicability of beetroot gel 

limited.  
 
A novel beetroot-enriched bread was developed and tested by Hobbs et al. in  2012, 

containing around 68mg nitrate per 100g. Both red and white beetroot have been 

incorporated into bread for research and red beetroot-enriched bread has been found 

to significantly increase total urinary nitrate and nitrite following ingestion (Hobbs et 

al., 2012). This group also found that the beetroot bread reduced DBP and improved 

endothelium-independent vasodilation over six hours. This acute study was carried 

out on young males with a mean age of 25 years, so repeat studies are warranted in 

an older population and also over a more prolonged period if this beetroot bread is to 

be deemed a cardio-protective food product. Although this is a novel approach to 

incorporating more vegetables into the diet, it is important to take notice of the 

additional calories that will be consumed alongside the vegetable; calorie surplus can 

lead to obesity and increase the risk of a number of non-communicable diseases.  

 

It is clear that beetroot has many beneficial effects on the human body and this is the 

case when it is used in a variety of forms. There is little research surrounding the 

benefits of betalains compared to the plethora of studies on the effects of nitrate, or 

specifically NO, but their poor availability hinders progress in this area. The beneficial 

effects of beetroot on markers of cardiovascular risk, such as blood pressure and 

vascular function, stem from the nitrate content of the vegetable. Because of the 
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effects of ageing on these markers, it is important that research focuses more on the 

ageing population than young and healthy cohorts, although this has not been the 

case to date. The following sections explore the application of beetroot in research 

on blood pressure, vascular function and cognition, and aim to highlight the benefits 

of targeting populations such as older adults in this area. 

1.10 The effects of beetroot on blood pressure  

NO concentration in the body is an important factor in the regulation and 

maintenance of blood pressure and blood pressure has been the focus of research 

on dietary nitrate to date. Following the discovery of the nitrate-nitrite-NO pathway, 

Larsen et al. (2006) first demonstrated the blood pressure-lowering effect of sodium 

nitrate, showing an acute reduction of DBP by 3.2mmHg after 6.2mg nitrate/kg body 

weight. This seminal research directed investigations into other sources of nitrate i.e. 

beetroot and led researchers to postulate that the blood pressure-lowering effects of 

the DASH, which can lead to a reduction in SBP by 2.3mmHg, are due to the nitrate 

content.  

1.10.1 Blood pressure in young participants 

Webb et al. (2008) demonstrated that the blood pressure-lowering effect of beetroot 

juice comes from the conversion of nitrate to nitrite, evident through the lack of blood 

pressure reduction associated with spitting after consumption of the nitrate load. This 

acute study was carried out in healthy volunteers aged between 18 and 45 years and 

supplemented with 500ml beetroot juice providing ~1395mg nitrate. Jonvik et al. 

(2016) later compared the effects of different sources of 800mg of nitrate, using 

sodium nitrate, beetroot juice, rocket salad juice and a spinach beverage. All 

beverages caused an acute rise in plasma nitrate and nitrite but sodium nitrate was 

the only intervention not to reduce SBP. DBP, however, was reduced following all 

interventions. The rise in plasma nitrate and nitrite and reduction in DBP following all 

interventions prompted the researchers to conclude, similar to Webb et al. (2008), 

that nitrate-rich vegetables could be used as dietary supplements and that they have 

the ability to lower blood pressure. Studies have repeatedly found a correlation 

between increased plasma nitrite levels and reduced blood pressure (Webb et al., 

2008; Siervo et al., 2013 for review; Kapil et al., 2015), which implicates nitrate-rich 

beetroot in this blood pressure-lowering effect.  
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Vanhatalo et al. (2010) found a reduction in blood pressure following beetroot juice 

compared to a nitrate-depleted placebo both acutely (2.5 hours) and over a more 

prolonged period (15 days) when participants consumed 322mg nitrate per day. The 

amount of nitrate in this study is small compared to the dose provided by Webb et al. 

(2008) and Jonvik et al. (2016) but the longer duration of the study necessitates this, 

as well as demonstrates that blood pressure-lowering effects can be maintained over 

a longer time period. Hobbs et al. (2012) also assessed the effects of smaller doses 

of beetroot juice on blood pressure and found a trend for blood pressure reduction 

with increasing beetroot juice doses from 100g to 250g and 500g, providing 143mg, 

353mg and 707mg nitrate, respectively. 100g of beetroot juice did result in a 

significant reduction in blood pressure, indicating that smaller doses of nitrate can 

have positive effects on young and healthy participants. Hobbs et al. (2012) also 

utilised a novel method of dietary nitrate consumption with the incorporation of 

beetroot into bread, containing ~112mg nitrate. The maintenance of the blood 

pressure-lowering effect of beetroot after the processing into bread illustrates that 

nitrate’s biological effects are preserved and again suggests that there is a dose 

response rather than an effect of source on the activity of nitrate.  

 

Cheng, Cheng and George (2015) investigated whether the varying betalains in 

yellow and red beetroot had any influence on the blood pressure-lowering effect of 

beetroot using 24-hour ambulatory blood pressure measurement. There was no 

significant difference between colour variants on SBP and DBP but both reduced 

blood pressure overall. This suggests that the different betalains in beetroot make no 

difference to the blood-pressure lowering effect of the vegetable. Hobbs et al. (2012) 

reiterate this finding by comparing red and white beetroot in their bread products and 

finding that both lowered blood pressure to a similar extent in young, healthy males. 

 

It is clear that beetroot, due to its nitrate content, has a positive effect on blood 

pressure in young and healthy participants. The effect of dietary nitrate on plasma 

nitrite levels is well known in these young participants and the pharmacokinetics of 

the nitrate has been sufficiently described. In 2013, Siervo et al. conducted a 

systematic review on nitrate and blood pressure and concluded that there was a 

greater effect of nitrate on SBP but an over-representation of young, healthy men in 
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the studies. It is important, therefore, to direct research into populations who would 

benefit most from a reduction in blood pressure i.e. older adults and those with 

cardiovascular risk factors and chronic disease. 

1.10.2 Beetroot on blood pressure in older or diseased populations 

From the previous sections in this Chapter it is evident that the ageing process and 

low-grade inflammation, which is a characteristic of disease, may affect the 

breakdown of dietary nitrate and the production and response to NO. Despite this, it 

has been repeatedly demonstrated that dietary nitrate can increase plasma nitrite 

levels in older adults and those with chronic disease (Table 1.2). Compared to young, 

healthy adults however, plasma nitrite levels do not always translate to a reduction in 

blood pressure in older or diseased participants following supplementation with 

beetroot juice (Miller et al., 2012; Bondonno et al., 2015; Shepherd et al., 2015; de 

Oliveira et al., 2016). Results on blood pressure in these populations are equivocal, 

with some research demonstrating a reduction in solely DBP (Kenjale et al., 2011), 

solely SBP (Eggebeen et al., 2016; Jajja et al., 2014) or both (Kelly et al., 2013). 

Although there are some positive results following the consumption of dietary nitrate, 

there is no consensus on the effects, dose or target population. 

 

Kapil et al. (2015) found a reduction in both clinic and home blood pressure after four 

weeks of 250ml of beetroot juice daily in hypertensive adults aged 18-85 years; the 

dose provided was approximately 397mg daily. Ashworth et al. (2015) also found that 

both raw beetroot juice (250ml) and cooked beetroot (250g) consumed daily for two 

weeks reduced SBP and DBP in hypertensive participants aged between 25 and 68 

years. Nitrate and nitrite levels were not measured in the beetroot or the plasma, so 

the dose and association with increased NO levels is not clear in this study. A recent 

study by Blekkenhorst et al. (2018) however, found no blood pressure-lowering 

effects of a four-week high nitrate (~150mg/day) diet in hypertensive adults between 

the ages of 21 and 75 years. Given that the daily intake of nitrate if people reached 

the WHO recommended fruit and vegetable intake would be 157mg, 150mg may not 

be classed as a high nitrate dose in this context, although it is higher than the 

average intake of 108mg/day (Babateen et al., 2018). Each of these studies had a 

cohort with a wide range of ages from young adults to elderly. It is therefore unclear 
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whether there were different effects on those classed as younger or older and if this 

may explain the presence or lack of a blood pressure-lowering effect.  

 

Table 1.2 also illustrates that beetroot juice is the primary source of dietary nitrate 

used in research on older adults. The dose varies considerably from 165mg to 

1159mg nitrate given acutely or daily up to six weeks and on one occasion the dose 

provided was lower than described on the product (Jajja et al., 2014). Only four 

studies to date have supplemented with beetroot juice for longer than seven days, 

which warrants more focus on a prolonged intervention period, especially on older 

adults and those at more risk of cardiovascular events. It is unclear whether the 

acute effects of dietary nitrate, such as blood pressure reduction, are maintained 

longer term. The effects of oxidative stress and low-grade inflammation on the 

vascular system into older age open up research into more prolonged intervention 

with dietary nitrate in an attempt to ameliorate the effects and promote NO 

production. 
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Table 1.2: Summary of RCTs assessing the effect of dietary nitrate on a range of biological outcomes in older adults. 
 
 

Authors Cohort Dosage Duration Measurements Study design Conclusions 
Kenjale et al., 

(2011) 
8 adults aged 67±13 with 
PAD 

500ml beetroot juice 
providing 1116mg 
nitrate 

Single bolus Plasma nitrate and 
nitrite, BP, endothelial 
function 

Randomised, 
open-label, 
crossover trial 

Increase in plasma 
nitrate and nitrite 
levels. Reduction in 
DBP. No effect on 
endothelial function. 

Presley et al., 
(2011) 

5 adults aged 74.7+6.9  High (242mg) and low 
nitrate diet. High 
supplemented with 
500ml beetroot juice 
containing 527mg 
nitrate 

4-day diet. 3 
hour 
intervention 
period 

Plasma nitrate and 
nitrite  

2-arm, 
randomised, 
crossover trial 

Significant increases 
in plasma nitrate and 
nitrite levels  

Presley et al., 
(2011) 

14 adults aged 74.7+6.9  High (242mg) and low 
nitrate diet. High 
supplemented with 
500ml beetroot juice 
containing 527mg 
nitrate 

2-day diet. 3 
hour 
intervention 
period 

Cerebral blood 
perfusion 

2-arm, 
randomised, 
crossover trial 

Increased CBF within 
subcortical and deep 
white matter of the 
front lobe, but no 
global increase in 
CBF 

Miller et al., 
(2012) 

8 adults aged 72.5±4.7 500ml (527mg nitrate) 
beetroot juice. 43mg 
nitrate in control diet 
and 155mg in HN diet. 
HN, HN + juice, control 
diet and control diet + 
juice 

3-day control 
diet vs. HN. 3 
hour 
intervention 
period 

Likert scale for 
acceptance to 
beetroot, blood 
pressure, plasma 
nitrate and nitrite 

Randomized 
four period 
cross-over 
controlled 
design 

High nitrate 
supplement elevated 
plasma nitrate and 
nitrite levels 
throughout day, but 
high nitrate diet did 
not. No effect on BP. 

Kelly et al., 
(2013) 

12 healthy adults aged 
64±2.7 

2 x 70ml/day of 
beetroot juice (595mg 
of nitrate per day) 

3 days  Resting BP and 
plasma nitrite 
concentration. 6-
minute walk test, brain 
metabolite 
concentrations, 
cognitive tests 

Double-blind, 
randomized, 
crossover study 

Increase in plasma 
nitrite. SBP and DBP 
reduced, no 
improvement in 
6MWT, brain 
metabolite 
concentrations or 
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cognitive performance 
Gilchrist et al., 

(2014) 
27 adults aged 67.2 with 
Type 2 DM, mean BMI of 
30.8 

250ml beetroot juice 
(465mg nitrate) or 
placebo drink  

14 days, 250ml 
drink per day 

Plasma nitrate and 
nitrite levels. Cognitive 
function  

Double-blind, 
randomised, 
placebo-
controlled 
crossover trial 

Increase in plasma 
nitrate and nitrite. 
Reduction in simple 
reaction time 

Jajja et al., 
(2014) 

21 adults aged 62±1.4, 
mean BMI of 30.1 

70ml beetroot juice 
per day (165mg 
nitrate) or blackcurrant 
placebo 

21 days with 7 
day interruption 
and then 
continuation 

Blood pressure – clinic, 
daily and 24-hour 
ABPM. Salivary and 
urinary nitrate. 

2-arm, parallel, 
randomized 

Increase in salivary 
and urinary nitrate. 
No changes in resting 
clinic BP or 24-hr 
ABPM. Reduced daily 
SBP after 3 weeks 
but effect not 
maintained after 
interruption 

Rammos et 
al., (2014) 

21 adults aged 63±5 with 
moderate CV risk  

Sodium 
nitrate,150µmol/kg 
BW (equivalent to 
300g spinach) 

4 weeks Endothelial function – 
FMD, vascular stiffness 
– PWV and AIx. 
Plasma nitrate and 
nitrite 

Randomised, 
placebo-
controlled, 
double-blind, 
parallel trial 

Improved PWV and 
AIx compared to 
control. Lowered SBP 
but not DBP. 
Increased plasma 
nitrate and nitrite 
levels. 

Bondonno et 
al., (2015) 

27 adults aged 63.3+4.4 
on anti-hypertensive 
medication 

2 x 70ml beetroot 
juice per day 
containing 434mg 
nitrate 

7 days Blood pressure, 
plasma, salivary and 
urinary nitrate 

Randomized, 
placebo-
controlled, 
double-blind, 
crossover trial 

Increase in plasma, 
salivary and urinary 
nitrate. No difference 
in BP  

Casey et al., 
(2015) 

12 healthy adults aged 
64±2  

500ml beetroot juice 
providing 1159mg 
nitrate 

Single bolus 3 
hours prior to 
exercise 

Rhythmic forearm 
exercise in normoxia 
and hypoxia. BP and 
forearm blood flow 

Placebo-
controlled, 
crossover trial 

Increased 
compensatory 
vasodilator response 
to hypoxic exercise  

Justice et al., 
(2015) 

22 old mice Sodium nitrite 
supplemented water 
(50mg/l) 

8 weeks Motor behaviour, 
forelimb grip strength, 
open field locomotor 
activity, accelerating 
and endurance run 

Randomised, 
parallel, rodent 
trial 

Improved grip 
strength and open 
field distance. 
Reduced low-grade 
inflammation in 
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ability muscle 
Justice et al., 

(2015) 
30 healthy adults aged 
62+7  

Sodium nitrite, either 
80mg or 160mg 
capsules/day 

10 weeks Motor function. 
Cognitive function 
(speed and executive 
function), plasma 
nitrate and nitrite. 

Randomised, 
placebo-
controlled, 
double-blind 

Small chronic 
increase in plasma 
nitrite. Improved 
maximal exercise 
capacity with 80mg. 
Reduced balance 
errors step test. 
Improved cognitive 
performance 

Kapil et al., 
(2015) 

64 hypertensive adults 
aged 57.3±13.9 

250ml beetroot juice 
daily providing 397mg 
nitrate 

4 weeks BP, vascular function, 
plasma, salivary and 
urinary nitrate 

Double-blind, 
randomised, 
placebo-
controlled trial 

Increased nitrate. 
Reduction in SBP, 
DBP, AIx and PWV. 
No change in PORH 

Shepherd et 
al., (2015) 

14 adults aged 64.7±7.7 
with mild-moderate COPD 

2 x 70ml beetroot 
juice (420mg nitrate) 
or nitrate-depleted 
beetroot juice  

2 days before 
testing and 
once on day of 
testing 

Brachial artery BP, 6-
minute walk test 

Double-blind, 
placebo-
controlled, 
cross-over 
design 

Rise in plasma nitrate 
concentration. No 
improvement in BP or 
6MWT 

de Oliveira et 
al., (2016) 

20 adults aged 70.5+5.6 
with cardiovascular risk 
factors 

100g beetroot gel 
providing 756mg 
nitrate 

Single bolus Endothelial function, 
arterial stiffness and 
BP. Urinary nitrate. 

Randomised, 
double-blind, 
crossover and 
placebo-
controlled 

Increase in FMD and 
blood flow velocity. 
Increased in urinary 
nitrite and nitrate. RH 
increased. No effect 
on BP. 

DeVan et al., 
(2016) 

32 healthy adults aged 
62+1 

Sodium nitrite 
capsules (80mg or 
160mg) daily  

10 weeks PWV, arterial stiffness, 
plasma concentration, 
FMD 

Double-blind, 
placebo-
controlled, 
randomized 
parallel-design 

Plasma nitrite 
increased acutely and 
chronically. 
Endothelial function 
increased, arterial 
elasticity improved. 
Particularly with 
smaller dose 

Eggebeen et 
al., (2016) 

20 adults aged 69±7 with 
heart failure with 
preserved ejection fraction 

70ml beetroot juice, 
providing 378mg 
nitrate 

Single bolus or 
daily intake for 
7 days 

Plasma nitrate and 
nitrite, BP 

Randomised, 
placebo-
controlled, 

Increased plasma 
nitrate and nitrite and 
reduced SBP both 
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crossover trial acutely and following 
7-day 
supplementation.  

Hughes et al., 
(2016) 

12 healthy adults aged 
64±5 

500ml beetroot juice 
providing 583mg 
nitrate  

Single bolus Plasma nitrate and 
nitrite, aortic BP and 
Aix 

Randomised, 
parallel design 
comparing 
young and old 
participants 

Increased plasma 
nitrite. Reduction in 
aortic BP in both 
young and old but AIx 
reduced only in young 

Velmurugan et 
al., (2016) 

67 adults aged 53.3±10.1 
with hypercholesterolemia  

250ml beetroot juice 
daily, providing 372mg  

6 weeks Vascular and platelet 
function by FMD. 
Plasma, urine and 
saliva sampling. Oral 
microbiome profile. 

Randomised, 
double-blind, 
placebo-
controlled 
parallel study 

Improvement in 
vascular function. 
Associated with 
alterations in oral 
microbiome and 
nitrate-reducing 
genera 

Raubenheimer 
et al., (2017) 

12 adults aged 64 140ml beetroot juice 
providing 800mg 
nitrate 

Single bolus BP, plasma nitrate and 
nitrite, vascular 
inflammation 

Randomised, 
placebo-
controlled, 
crossover trial 

Increase in plasma 
nitrate and nitrite. 
Reduction in BP, and 
granulocyte and 
platelet activation 

Oggioni et al., 
(2018) 

19 healthy adults aged 
64.7±3.0 

2x70ml beetroot 
juice/day, providing 
744mg 

7 days BP, vascular function, 
inflammatory markers 

Double-blind, 
randomised, 
crossover 
placebo-
controlled trial 

No difference in BP or 
AIx. No changes in 
inflammatory 
markers.  

 
Abbreviations: RCTs = randomised controlled trials, PAD = peripheral arterial disease, BP = blood pressure, DBP = diastolic 
blood pressure, SBP = systolic blood pressure, CBF = cerebral blood flow, HN = high nitrate, VO2 = maximum rate of oxygen 
consumption, 6MWT = 6-minute walking test, DM = diabetes mellitus, BMI = body mass index, ABPM = ambulatory blood 
pressure monitoring, CV = cardiovascular, BW = body weight, FMD = flow-mediated dilatation, PWV = pulse wave velocity, AIx 
= augmentation index, PORH = post-occlusive reactive hyperaemia, O2 = oxygen, RH = reactive hyperaemia. 
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1.11 The effects of beetroot on vascular function 

Enhanced NO production from the consumption of beetroot i.e. dietary nitrate to 

offset the reduction in endogenous production seen with vascular dysfunction could 

have a profound effect on vascular function. However, other components of beetroot, 

namely flavonoids, may also contribute to this benefit. Indeed, flavonoids have been 

associated with a reduction in vascular oxidative stress due to their interaction with 

ROS (Torel et al., 1986) and supplementation has been found to have positive 

effects on vascular tone, NO-mediated endothelium-dependent dilation, and NO 

formation (review by Schini-Kerth et al., 2010). Overall, enhanced NO bioavailability 

and reduced oxidative stress in the vascular system may work to reverse macro- and 

micro-vascular endothelial dysfunction. 

 

Four weeks of supplementation with sodium nitrate has been found to reduce PWV 

and AIx and improve FMD (Rammos et al., 2014) but importantly FMD is also 

improved after supplementation with beetroot gel and beetroot juice (Asgary et al., 

2016; Kapil et al., 2015; de Oliveira et al., 2016; Velmurugan et al., 2016). These five 

studies were all carried out in adults with hypertension or other cardiovascular risk 

factors, which may explain the consistent beneficial results. In contrast to these 

studies, Gilchrist et al. (2013) found no improvements in FMD or microvascular 

endothelial function after two weeks of 250ml beetroot juice daily (465mg nitrate) in 

older adults with Type 2 diabetes. Plasma nitrate and nitrite concentrations did 

increase after the two weeks in the beetroot group compared to the placebo but this 

did not correlate with endothelial function. This could be attributed to a reduced 

responsiveness to NO and thus a diminished vascular reactivity with age and Type 2 

diabetes. 

 

de Oliveira et al. (2016) describe that high nitrate doses i.e. ~744mg are required to 

obtain positive effects in endothelial function in the elderly; however smaller doses 

between 350 and 400mg have been found to elicit improvements in older adults 

(Kapil et al., 2015; Velmurugan et al., 2016).  Similar to findings in blood pressure, 

there is no consensus on the dose of dietary nitrate required to elicit a response, 

although there appears to be a more positive effect of a range of doses on vascular 

function overall. FMD, PWV, AIx, and RH can assess functioning of the vascular 
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function and dietary nitrate has varying effects on these markers, making it difficult to 

draw conclusions on the effectiveness of beetroot overall.  

1.12 The effects of beetroot on cognitive function 

Researchers have demonstrated improvements in cognitive performance after a 

dose of dietary nitrate in young participants (Wightman et al., 2015). In this study, 

participants received 450ml beetroot juice containing ~341mg nitrate before 

completing cognitive tasks and CBF analysis. There was an increase in plasma nitrite 

and an initial rise in CBF following nitrate consumption, which were accompanied by 

an improvement in performance on the serial 3s subtraction task. In a study on older 

diabetic participants, 14 days of daily supplementation with 250ml beetroot juice 

providing 465mg was found to increase plasma nitrate and nitrite concentrations and 

improve simple reaction time (Gilchrist et al., 2014). Conversely, Kelly et al. (2013) 

found no improvement in cognitive function following three days of supplementation 

with 140ml concentrated beetroot juice (~595mg nitrate) in older adults, despite rises 

in plasma nitrite concentrations and the provision of a larger dose compared to 

Wightman et al. (2015) and Gilchrist et al. (2014). Diffusion coefficients in the frontal 

lobes, markers of CBF, were also unchanged. This work contrasts with the study by 

Presley et al. (2011), who found that two days of a high nitrate diet (containing 500ml 

beetroot juice) increased CBF within the frontal lobe of older adults. The nitrate 

content of this diet was found to be 527mg, similar to that supplied by Kelly et al. 

(2013), so it is unclear whether ageing or baseline cognitive functioning may play a 

role here. 

 

Thus far, only one study has investigated more prolonged effects of supplementation 

on cognitive function. Justice et al. (2015) demonstrated that 10 weeks of 

supplementation with sodium nitrite improved cognitive performance in middle-aged 

and older adults, as indicated by reductions in time to complete TMT. These authors 

investigated two doses of sodium nitrite: low (80mg/day) and high (160mg/day). 

There was a 14% and 18% improvement in task performance following the low and 

high nitrate dose, respectively. As mentioned previously, more prolonged studies 

may warrant a more accessible form of nitrate i.e. beetroot in order to ensure 

compliance. A recent systematic review and meta-analysis on nitrate and cognitive 

function outlined a lack of overall effect but stipulate that there is insufficient evidence 
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to make firm conclusions on this (Clifford et al., 2018). These authors postulate that 

larger sample sizes and longer duration trials are warranted in this area.  

 

Although much of the beetroot research focuses on nitrate, other compounds such as 

the potent antioxidants betalains and phenolics may elicit benefits. Betalains are very 

similar to anthocyanins in their structure and function but anthocyanins are much 

more widely researched due to their preponderance in fruits and vegetables. 

Anthocyanin-rich cherry juice, for example, has been found to improve verbal fluency 

and short- and long-term memory in older adults with mild-to-moderate dementia 

when supplemented for 12 weeks (Kent et al., 2017). Previous short-term 

supplementation with cherry juice was found to have no effect on cognitive 

performance in young, old or older adults with dementia (Caldwell et al., 2016). 

Prolonged supplementation (12 weeks) with anthocyanin-rich blueberry juice was 

also found to improve memory in older adults with early memory decline, tested by 

word recall and paired associate learning (Krikorian et al., 2010). The focus on 

prolonged intervention in these studies suggests that the nutritional compounds may 

be having their effect through a reduction in oxidative stress, which is not achieved 

through acute dosing. The combination of nitrate, which can have an acute effect on 

vascular function, and antioxidant compounds such as betalains that may work over 

a more prolonged period suggest that beetroot may improve blood flow to the brain 

and attenuate cognitive decline.   

1.13 The effects of beetroot on functional capacity 

Executive functioning, such as task switching and working memory, is directly related 

to motor function and performance-based ADLs. For example, in healthy older adults, 

lower levels of executive function are associated with a reduction in gait performance 

(LaRoche et al., 2014). With nitrate supplementation improving blood perfusion to 

parts of the brain involved in executive functioning i.e. the frontal lobes, it is possible 

that nitrate supplementation could impact on functional capacity.  

 

Shepherd et al. (2015), while assessing the effect of nitrate supplementation on 

blood pressure and walking performance, measured functional capacity in COPD 

patients before and after supplementation using the 6MWT. 70ml of concentrated 

beetroot juice did not improve performance in the 6MWT after 2.5 days of 
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supplementation and this is postulated to be due to the increased oxidative stress 

leading to uncoupling of NO synthase and consequently reducing NO availability. 

Similarly, 140ml concentrated beetroot juice supplementation over three days did not 

improve 6MWT performance in healthy older adults (Kelly et al., 2013). A study by 

Siervo et al. (2016) found modest but non-significant improvements in measures of 

physical capability including hand-grip strength, timed up-and-go, repeated chair 

standing and 10-minute walking test following seven days of beetroot juice 

supplementation in older adults.  

 

If a lack of effect of beetroot juice on functional capacity in older adults is due to 

heightened oxidative stress then the short intervention periods in these trials are 

likely to be a contributing factor. As mentioned previously, Justice et al. (2015) 

investigated the effects of 80mg and 160mg sodium nitrite in middle-aged and older 

adults and found a reduction in the number of balance errors in the rapid step test. 

TUG was not affected but there was a trend for improvements in grip strength 

following the smaller dose of sodium nitrite. This research follows on from a rodent 

study by the same authors, who found that eight-week supplementation with sodium 

nitrite in old and young mice improved grip strength and endurance run distance in 

old mice. This is attributed in part to anti-inflammatory effects on aged skeletal 

muscle with chronic low-grade inflammation (Justice et al., 2015). It is evident, 

therefore, that more prolonged intervention studies with beetroot are justified in order 

to elicit benefits to functional capacity through a reduction in oxidative stress and 

inflammation. This is particularly relevant to older adults and it is likely that this 

population will benefit most from improvements in functional capacity. 

1.14 The effects of beetroot on gut health 

Dietary fibre plays a large role in the digestive system, helping the body to remove fat 

and creating an environment for healthy gut bacteria to thrive and digest food 

efficiently, contributing to the overall health of the gut microbiota. Any vegetable with 

3g of fibre per 100g is classed as a source of fibre, according to the European 

Commission, and beetroot falls close to this at 2.8g fibre/100g. The addition of 

fibrous foods to the diet over a prolonged period may benefit the functioning of the 

gut and the microbiota that populate it. 

 



 49 

Research has illustrated an association between microbiota and cognition in ageing 

(Leung & Thuret, 2015), being termed the “microbiota-gut-brain” axis. In particular, 

the production of SCFAs is of interest due to their influence on the blood-brain barrier 

and the health of the colon (Fava et al., 2018; Natarajan & Pluznick, 2014). In the 

brain, SCFAs have a neuroprotective effect and butyrate specifically has anti-

inflammatory actions in the brain and the gut (Noble et al., 2017). As mentioned 

previously, SCFAs are produced from fermentation of dietary carbohydrate by 

anaerobes and the levels of various SCFAs are affected by ageing. It has also been 

shown that different polyphenols affect the viability of different gut bacterial species, 

indicating the potential for modulation of the gut microbiota balance through bioactive 

compounds present in fruit and vegetables (Parkar et al., 2013).  

 

Furthermore, nitrite has been posed as a protective compound against gut pathogens 

in humans, as it can eradicate Helicobacter pylori and other pathogenic bacteria 

(Duncan et al., 1997), indicating a positive impact on gut microbiota. The nitrite in 

saliva, which is present due to the bacterial breakdown of nitrate in the oral cavity, 

has been found to increase gastric mucosal blood flow and mucus thickness in rats, 

through an increase in NO (Björne et al., 2004). This is then thought to have gastro-

protective effects. More recently, Velmurugan et al. (2016) showed that persistent 

dietary nitrate ingestion over six weeks raised numbers of oral bacteria possessing 

nitrate reduction capacity. Further studies in this area are warranted to establish 

whether changes in oral bacteria following nitrate ingestion may improve nitrate 

breakdown long term.  

 

Thus, an increase in nitrite formation from ingested dietary nitrate may have 

beneficial effects on gut health, helping to control pathogenic bacteria. Furthermore, 

dietary carbohydrates found in beetroot may help to stimulate SCFA production, 

leading to anti-inflammatory effects. This may also relate to increased consumption 

of the potent antioxidants betalains present in beetroot. Changes to the gut 

microbiota and increases in fibre intake from vegetables may also influence gut 

motility changes that occur with ageing. No studies, however, have directly 

investigated the effects of whole beetroot on gut health and the microbiota but this 

may be an interesting avenue of research. 
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From the literature, it is clear that there is a large body of research surrounding NO, 

its effects on the body, and methods in which its production can be manipulated 

through the diet or with supplementation. There is no clear consensus on the dose of 

dietary nitrate required to elicit a response or the duration of intervention required, 

especially regarding vascular function. Age effects are seen in the production of NO 

and/or the body’s sensitivity to it in some but not all studies, leaving age-related 

differences inconclusive. Where evidence is lacking is in longer-duration trials, 

particularly on cognitive function, functional capacity and gut health. It is unknown 

whether dietary nitrate effects are seen only acutely, or whether there is an additional 

benefit with a more prolonged intervention period. Furthermore, few studies are 

applicable to real life situations, in which people consume a variety of foods, with little 

restriction. The diet of an ageing population is becoming increasingly important and 

there should be more focus on compounds, nutrients and whole food groups that can 

make a real difference in this area.   

1.15 Research questions 

Hypotheses, aims and objectives 

 
The hypotheses for this project were: 

1. The bioavailability of nitrate from whole beetroot will be less in older adults 

than in younger adults. There will be a trend towards a dose-response to 

incremental portions, with higher amounts of beetroot leading to an increased 

bioavailability of nitrate in both populations. 

2. The positive effect on vascular function associated with nitrate will be reduced 

in the older population. The response to the potassium nitrate will be higher 

than that of beetroot, eliciting greater reductions in blood pressure and 

improved blood flow. The vascular response to the beetroot will be greater 

with higher quantities in both populations. 

3. More prolonged supplementation with beetroot will affect cognitive function in 

a group more at risk of cognitive impairment i.e. an ageing population. 

Prolonged supplementation may also affect functional capacity in an older 

population. 
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4. Prolonged beetroot supplementation will cause changes to the gut microbiota 

and have a positive effect on SCFA production and bacterial diversity. 

 

The aims of this thesis were to test the above hypotheses by investigating the 

bioavailability of nitrate and its physiological effects following incremental whole 

beetroot doses in young and old adults. Furthermore, this thesis aimed to investigate 

the longer-term effects of whole beetroot consumption on cognitive function, 

functional capacity and gut health in older population. 

 

The objectives of the study were: 

1. To carry out a crossover trial using incremental portions of whole beetroot in 

addition to a positive control involving both young and old participants. This 

trial will investigate the pharmacokinetics of nitrate in both groups and the 

vascular effects of the doses. 

2. To evaluate the acceptability and tolerance of beetroot portions to be used in a 

prolonged intervention study. 

3. To carry out a prolonged free-living intervention trial using whole beetroot in 

older adults to test whether beetroot supplementation improves cognitive 

performance and functional capacity and affects the gut microbiome. 
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Chapter 2. The pharmacokinetics of nitrate and nitrite following 
incremental beetroot doses in young and old participants 

2.1 Introduction 

Fruit and vegetable intake is linked to protection against cardiovascular disease 

(CVD) and some cancers, and has been found to effectively lower blood pressure 

(Appel et al., 2006). It has been postulated that dietary nitrate, found primarily in 

green leafy vegetables and beetroot, underpins this blood pressure-reducing effect 

(Larsen et al., 2006). In light of this, research is focussing on nitrate-rich vegetables 

such as beetroot and the dietary nitrate pathway as a natural anti-hypertensive. 

Dietary nitrate, when sequentially broken down to nitrite and further to nitric oxide 

(NO) positively impacts the vascular system through the maintenance of blood 

pressure, vascular tone and endothelial integrity (Ignarro, 2002). Following ingestion, 

dietary nitrate mixes with endogenously produced nitrate and levels in plasma peak 

after around 60 minutes (McKnight et al., 1997). Much of this nitrate is excreted 

through the urine but 25% of the absorbed nitrate is transported to the salivary 

glands where commensal bacteria begin the conversion of nitrate to nitrite. Nitrite is 

then reduced to NO by enzymes such as NO synthase and deoxymyoglobin (Shiva, 

2013).  

 

Nitrate has been found to be almost 100% bioavailable following the consumption of 

beetroot juice (Bescús et al., 2011) and whole beetroot (van Velzen et al., 2008) in 

young, healthy individuals. Bioavailability studies are required to accurately map the 

pharmacokinetic profile of nutrients following consumption to identify excretory 

pathways, bioconversion and the time course of physiological effects, and these 

studies are frequently carried out in young populations (Clifford et al., 2017; van 

Velzen et al., 2008). The ageing process has been found to have an impact on NO 

availability through lower levels of the precursor and co-factors involved in 

endogenous NO production (Delp et al., 2008). The pharmacokinetic profile of dietary 

nitrate and the bioconversion to nitrite by bacterial species may therefore be altered 

in an older population, affecting ultimately the availability of NO and its downstream 

vasodilatory properties. There is a lack of pharmacokinetic data in older adults, 

particularly when directly compared to a younger population following a dose of 
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dietary nitrate. Furthermore, large, often impractical doses of beetroot are provided in 

such bioavailability studies, which make the applicability of the vegetable in a real 

world setting problematic. Data on the pharmacokinetic profile of smaller doses of 

beetroot, especially in older adults, would aid research into achievable and practical 

vegetable intakes and their impact on health parameters such as blood pressure.  

 

Therefore, the aim of this study is assess if whole beetroot effectively raises NO 

levels in both young and old participants through the stepwise breakdown of nitrate to 

nitrite and finally to NO. To better understand the pharmacokinetic profile of nitrate 

and nitrite, this study will measure changes in plasma and salivary nitrate and nitrite 

levels over five hours, as well as urinary excretion in both the young and the old 

participants following incremental doses of whole cooked beetroot. It is hypothesised 

that the bioavailability of nitrate from whole beetroot would be less in older adults 

than in younger adults and that there would be a trend towards a dose-response to 

incremental portions i.e. higher amounts of beetroot would show an increased 

bioavailability of nitrate in both populations. 

2.2 Methods  

2.2.1 Participants 

This study involved two age groups: 18-35 years and 60-75 years. Participants were 

recruited through the Newcastle university email system, poster dispersion and NHS 

intranet from November 2016 to October 2017 and provided informed written consent 

before beginning the study. Recruited participants had a body mass index (BMI) 

between 20.0 and 29.9kg/m2 and were non-smoking, healthy and both male and 

female. The young group comprised six males and six females and the old group 

comprised of three males and nine females. The study was registered with the 

ISRCTN registry (ISRCTN86706442) and was approved by the Cambridge Research 

Ethical Committee (Appendix A). The sample size calculation was based on 

preliminary data from a previous, similar trial testing the acute effects of inorganic 

nitrate supplementation compared to placebo in young and older healthy individuals. 

The calculation can be seen in Appendix C.  
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2.2.2 Exclusion criteria 

Healthy participants i.e. those without chronic illness and disease were recruited to 

take part in this study. Excluded medications included: corticosteroids, sildenafil, 

aspirin, non-steroidal anti-inflammatory drugs (NSAIDs), anti-hypertensives (Ca2+ 

channel blockers, ACE inhibitors), diuretics, beta-blockers, antacids, anticoagulants, 

nitrate-derived agents, and anti-cholinergics. Each of these medications can have an 

effect on NO production. Participants were excluded if they were vegetarian, as they 

are likely to have a higher habitual nitrate intake, or self-reported to consume 

excessive volumes of alcohol (>30 units per week). Other exclusion criteria included 

a high blood pressure (>140/90mmHg), smoker, history of repetitive gastric reflux 

and an intolerance or allergy to beetroot. 

2.2.3 Study design and randomisation 

This study was a four-arm, randomised, crossover clinical trial. Randomisation was 

generated online using Research Randomizer, where 30 sets of numbers from one to 

four that represented the interventions were generated; participants were assigned to 

a set following screening. Participants were given 100g, 200g, and 300g of whole 

cooked beetroot and a 1000mg potassium nitrate (PN) solution in a random order as 

per their allocated set. A sample of the beetroot was analysed using ozone-based 

chemiluminescence and found to contain 272mg nitrate per 100g cooked weight. 

This is around the average content defined in the literature (Hord et al., 2009), so this 

value was used to describe the dose provided in this study. 

2.2.4 Study protocol 

Participants who registered an interest in the study were contacted and sent the 

participant information sheet (Appendix B). Potential participants were given time to 

deliberate and ask questions and were then screened over the phone via a short 

questionnaire. During this telephone call, participants were asked questions about 

their medications, medical conditions, current height and weight and availability for 

the study. Eligible participants were invited to attend the Newcastle NIHR Clinical 

Research Facility (CRF) at the Royal Victoria Infirmary (RVI) for a full screening visit, 

where height, weight and blood pressure were measured to confirm eligibility. Four 

further visits were booked in, separated by seven to ten days to allow for the 
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complete return of nitrate and nitrite to pre-supplementation levels between trials. For 

24 hours before the first visit, participants were asked to collect their total urine 

volume in a 2.5L urine container prepped with 5ml sodium hydroxide (1M NaOH) to 

preserve the nitrate in the sample. 

 

Each of the four visits followed the same protocol, differing only in the intervention 

provided (Figure 2.1). Participants were asked to fast on the morning of the visit and 

arrived between 8:15am and 9:00am for testing. Body composition and weight were 

measured at the beginning of each visit using bioelectrical impedance (TANITA Body 

Composition Analyser). Participants removed their shoes before standing on the 

scales and 0.5kg was added to account for clothing weight. Waist circumference was 

measured with a tape measure at the narrowest part of the trunk. Baseline blood 

pressure was measured three times with the participant seated, with a one-minute 

rest in between each measurement. Blood flow was measured by laser Doppler at 

baseline using a standardised protocol; participants were lying supine and in a 

temperature-controlled room (22-24°C). A cannula was fitted in the antecubital fossa 

or other appropriate area and baseline blood samples were taken. A saliva sample 

was collected, as detailed in section 2.2.8. The final baseline measure was fractional 

exhaled nitric oxide (FeNO), measured using a handheld device (NIOX), which 

involved participants exhaling into a mouthpiece for around 10 seconds to provide a 

reading. Participants were then given a 15-minute window in which to consume the 

beetroot or PN that had been provided. Once the relevant dose had been taken, the 

five-hour intervention period began, and participants were fed a standardised 

breakfast of cereal with milk and natural yoghurt. This meal contained around 

450kcal with 62% carbohydrate, 16% protein and 22% fat. Breakfast items were 

chosen from the list of low-nitrate foods described by Wang et al. (1997) and the 

nitrate content of the meal was around 2.8mg. Following breakfast, participants 

rested in the research facility and further measurements of blood flow were taken at 

150 and 300 minutes. Blood pressure was measured every 30 minutes after the 

consumption of the intervention, with the final measurement at 300 minutes. Saliva 

and blood samples and FeNO were measured at 30, 60, 120, 180, 240 and 300 

minutes. Urine samples were collected at 0-3 hours, 3-6 hours, 6-12 hours, and 12-

24 hours to gain a full 24hr sampling period. Participants were given disposable jugs 
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to measure the total volume of each urine sample, which was noted, and 50ml was 

collected from the larger volume and stored for later analysis. 

 

During their first visit, participants completed the international physical activity 

questionnaire (IPAQ) (Craig et al., 2003), which estimated their activity levels in the 

previous seven days. Participants also completed a nitrate intake questionnaire for 

the previous seven days to estimate their habitual nitrate intake before study visits 

and a visual analogue scale (VAS) to assess their opinion of the beetroot 

intervention. Participants completed the IPAQ, nitrate intake questionnaire and VAS 

on each subsequent visit. On the final visit, participants were asked to complete a 

feedback questionnaire that included questions on their opinion of the beetroot dose 

and positive and negative aspects of the study. The nitrate intake questionnaire and 

VAS can be found in Appendices D and E. At the end of the five-hour intervention 

period and following the final blood sample, the cannula was removed and 

participants were provided with a standardised low-nitrate lunch of a chicken or tuna 

sandwich and a packet of ready salted crisps, which they consumed in the research 

facility. Participants were provided with sample pots to continue the urine collection 

for the remainder of the day, as described above, and a low-nitrate ready meal to 

consume at home. They were then free to leave the research facility.  



 57 

 
Figure 2.1: Study day protocol followed for each intervention. Low-nitrate meals 
provided at times shown and beetroot or potassium nitrate consumed within 15 
minutes following baseline measurements and cannula insertion. Participants 
collected urine and saliva samples after leaving the research facility, which were 
frozen and returned to the research facility. 30-300 represents time points where 
blood and saliva samples were collected and exhaled nitric oxide (FeNO) was 
measured. Blood flow using laser Doppler measured at 0, 150 and 300 minutes. 
 

2.2.5 Interventions 

Participants were randomised to receive either 1) 100g of whole cooked beetroot 

(~272mg nitrate), 2) 200g beetroot (~544mg nitrate), 3) 300g beetroot (~816mg 

nitrate), 4) 200ml solution of potassium nitrate (1000mg nitrate). The cooked beetroot 

was grown and processed by G’s Fresh Ltd in Cambridgeshire and purchased from 

Tesco. Beetroot was purchased on a per participant basis to adhere to the use by 

dates and was refrigerated until used. The beetroot was steamed and dipped in 

vinegar and represented what members of the public would buy as a ready-to-eat 

product. The potassium nitrate was produced by Newcastle Specials Pharmacy 

Production Unit in the Royal Victoria Infirmary with codes assigned to them at the 

time of preparation e.g. Y01 or OL01 for young and old participants, respectively. The 

intervention was given at the same time each visit, depending on cannulation, and 
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consumed within 15 minutes, with exception of three participants who took between 

15 and 30 minutes to consume the beetroot due to an aversion to the larger 

amounts. 

2.2.6 Dietary control 

Participants were required to follow a low nitrate and phenolic diet in the two days 

before each trial, as well as the entirety of the testing day. This included avoidance of 

most vegetables, fruits, cured meats, strong cheese, chocolate, wholegrain breads 

and grains, tea, coffee and alcohol; a list of foods to avoid was provided alongside a 

food diary. Participants were also instructed to consume the same or similar meals in 

the days before each of the trials. To reduce the burden of the dietary restrictions, 

participants were provided with ready meals to consume on the night before and day 

of testing. Meals were chosen based on the content of low nitrate and phenolic 

compound products and included fish pie, mushroom risotto and macaroni cheese. 

The aim of these restrictions was to eliminate the potential influence that the 

consumption of nitrate- or phenolic-rich foods other than the intervention under 

investigation may have on study outcomes, particularly surrounding bioavailability. 

These restrictions have been implemented in other studies to more accurately 

establish the bioavailability of functional foods (Clifford et al., 2017; Frank et al., 

2005; Keane et al., 2016). Participants were given three-day food diaries (Appendix 

F) to record their dietary intake before and during the study days in order for 

compliance to the dietary restrictions to be assessed. All participants were also 

asked to refrain from using anti-bacterial mouthwash and gum throughout the study 

due to its potential influence on the conversion of nitrate to nitrite (Webb et al., 2008).  

2.2.7 Urinary output 

The day before their first visit, participants collected a 24-hour urine sample in 2.5L 

urine containers prepped with 5ml of a 1M NaOH solution, prepared in the laboratory. 

This was stored out of direct sunlight, either in the fridge or in a provided cooler bag, 

and returned to the researcher on the morning of their first visit. During the study 

visit, total urinary output was measured over two time periods: 0-3 hours and 3-6 

hours post-intervention. Total volume was measured using disposable measuring 

jugs and a small sample pot was filled. The sample pot was prepped with 100µl of 
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NaOH solution. Participants were given labelled sample pots and measuring jugs to 

repeat the collections at home between 6-12 hours and 12-24 hours post-

intervention. The sample pots were refrigerated or frozen and returned to the 

researcher. The total volume of each time point was recorded and the urine was 

aliquoted and frozen at -20°C until analysis. Before analysis, samples were defrosted 

and diluted to 1:100 with deionized water.  

2.2.8 Saliva sampling 

Salivary nitrate was measured in the saliva following stimulation by chewing. 

Participants chewed a small cotton wool ball for approximately two minutes or until 

wet and this was deposited into a syringe. The cotton wool ball was then squeezed 

into a 1ml Eppendorf tube prepped with 3.7µL NaOH solution. Tubes were then 

frozen at -20°C until analysis. Before nitrate analysis, samples were defrosted and 

diluted to 1:100 with deionized water.  

2.2.9 Blood sampling and processing 

17ml of blood was collected at each time point in three vacutainers: two lithium 

heparin and one serum gel. One lithium heparin tube was spun immediately at 

5000rpm for three minutes, aliquoted into dark-coloured Eppendorf tubes and frozen 

at -80°C to preserve the nitrite. Each Eppendorf tube was pre-treated with a stop 

solution of 10µl of diethylenetriaminepentaacetic acid (DTPA) and 6.5µl of N-

ethylmaleimide (NEM), to prevent transition between compounds, as described by 

Nagababu and Rifkind (2007). To prepare the solutions, firstly a 1M NaOH solution 

was prepared by dissolving 40g NaOH pellets in 1L water. To make the DTPA 

solution, 39.3mg DTPA was suspended in 5ml distilled water. With the contents 

being constantly stirred, 1M NaOH was added drop wise until the DTPA was 

completely dissolved. The final volume was made up to 10ml with distilled water. This 

solution was stable at room temperature and was prepared twice over the course of 

the study. Before each visit the NEM solution was prepared by dissolving 12.5mg 

NEM in 10ml of distilled water. This was kept at 4°C and fresh reagent was prepared 

for each study visit. DTPA and NEM prevent the destruction of plasma S-nitrosothiols 

to nitrite (Nagababu & Rifkind, 2007) and samples were spun and frozen as quickly 

as possible in order to maintain stability in the samples. The remaining vacutainers 
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were kept cool and processed within 30 minutes, or after clotting had occurred in the 

serum tubes. They were spun at 3000rpm for 10 minutes at 4°C then aliquoted and 

frozen at -80°C. The plasma samples were used to measure nitrate and nitrite 

concentrations. Due to time constraints, not every time point was able to be 

analysed, so the most appropriate samples were chosen: baseline, 60 minutes, 180 

minutes and 300 minutes.  

2.2.10 Fractional exhaled nitric oxide (FeNO) 

A handheld device called the NIOX VERO was developed as a tool for non-invasive 

measurement of FeNO as a marker of airway inflammation (Travers et al., 2007; 

Ricciardolo, 2004), aiding the diagnosis and management of asthma. The NIOX 

VERO device (Circassia, USA) was used to collect data on FeNO in this study. This 

portable, non-invasive device provides a simple and quick method of data collection; 

set up takes around two minutes per trial. Each participant receives a new 

mouthpiece per trial and is trained on its use at the first visit. The participant is 

required to breathe steadily and consistently into the handheld sensor until a suitable 

measurement has been taken, as signalled by the device. The sensor then takes 

around one minute to produce a reading of FeNO in parts per billion (ppb). Exhaling 

too vigorously or too gently renders the measurement unusable and it must then be 

restarted. Measurements were taken at baseline and at 30, 60, 120, 180, 240 and 

300 minutes following the intervention. Readings were recorded in ppb in a data 

sheet throughout the visit and inputted into a spreadsheet after completion. Each 

sensor supplied by the manufacturers takes 500 readings and the sensor was 

replaced and calibrated mid-way through the study. The breathing handle was also 

replaced, as guided by the software. 

2.2.11 Sample analysis 

Plasma samples were first deproteinised before analysis using cold ethanol 

precipitation. The required ethanol was first chilled to 0°C. 0.5ml of each sample was 

placed in a 1.5ml microcentrifuge tube and 1ml of cold ethanol was added. The tubes 

were then vortexed for 10 seconds and placed at 0°C for 30 minutes. Samples were 

centrifuged at 14,000rpm for five minutes. The supernatant was removed for the 

determination of nitrate and nitrite. The whole beetroot was juiced and diluted to 
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1:1000 in deionized water prior to analysis for nitrate content. The researcher 

conducted the deproteinisation and dilution, however ozone-based 

chemiluminescence was carried out by a trainer laboratory assistant who worked 

closely with a principal investigator in the research group. 

 

The ozone-based chemiluminescence method was used to measure plasma and 

salivary nitrate and nitrite and urinary nitrate concentrations using the Sievers gas-

phase chemiluminescence nitric oxide analyser (NOA 280i, Analytix, UK). Briefly, 

prior to analysis a standard curve was created for both nitrate and nitrite and an 

equation was derived to calculate nitrate and nitrite concentrations by fitting a linear 

regression line to the standard concentrations. R2 was greater than 0.99. Diluted 

samples were injected into the purge vessel using a glass Hamilton (Fisher) syringe 

with an injection volume ranging from 10µl to 100µl. The injection volume was 

adjusted to maximise the sensitivity of the measurements and taken into account 

when calculating the final concentrations. The area under the curve of the peaks was 

calculated automatically by the Analytix software, which minimises the risk of 

between-operator differences in the calculation of results, and was used to calculate 

the concentrations of the samples using the standard regression equations. Samples 

were analysed in singlicate and quality of the peaks was checked visually based on 

height, fronting and tailing. Analyses were repeated for samples with low quality 

peaks. Calibration of the device is ensured by a maintenance contract with Analytix 

and a service is provided twice per year. The internal calibration of the analysis is 

performed by using serial dilutions of nitrate and nitrite standards with known 

concentrations. In addition, each run of the samples is preceded by the injection of a 

standard with known concentration to ensure the accuracy of the results. The assay 

performance of the nitrate and nitrite analysis is high, with a within-operator 

coefficient of variation of 91% for nitrate and 89% for nitrite after a series of ten 

consecutive manual injections of a standard solution with known concentration.  

2.2.12 Statistical analysis 

All statistical analyses were completed using IBM SPSS (version 24.0). Summary 

data are presented as means ± SD with 95% confidence intervals (CI). Intraclass 

coefficient values (ICC) were used to calculate the reliability of the measurements 
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over the multiple baseline values (time 0) obtained at the beginning of each 

supplementation visit. FeNO values were amalgamated into baseline (0min), early 

(30-90min), mid (120-210min) and late (240-300min) measurement points to better 

capture changes in FeNO after supplementation and improve graphical presentation 

of the results across the time points. Independent t-tests were used to assess 

differences in baseline measures between the two age groups. Changes over time 

were analysed using a two-factor repeated measures analysis of variance (ANOVA) 

with time and intervention as within-subjects factors. Area under the curve (AUC) 

over the five-hour period was calculated using the trapezoid method to assess age-

related differences, which were analysed using a mixed model repeated measures 

ANOVA with intervention as the within-subjects factor and age as the between-

subjects factor. Data was assessed for normality using the Shapiro-Wilks test. 

Models were checked for sphericity using Mauchly’s test and multivariate models 

were applied if these assumptions were violated. Where significances were found 

and to assess intervention or age specific outputs, post hoc tests with Bonferroni 

adjustment to control for multiple comparisons were run. Associations between 

changes in plasma nitrate and nitrite and changes in FeNO were analysed using 

Pearson product-moment correlation coefficient. Statistical significance was set at 

P<0.05.  

2.3 Results 

2.3.1 Baseline characteristics 

A total of 24 participants were randomised to the interventions, 12 young (27.3±3.8 

years) and 12 old (64.3±4.6 years) participants (Figure 2.2). The interventions were 

well tolerated and no adverse events were reported, although participants did 

describe beeturia and faecal discolouration following ingestion of the beetroot. 

Baseline characteristics (Table 2.1) illustrates that the young and old group were 

matched for BMI, height and weight but the old group had a significantly higher waist 

circumference (P=0.04) and body fat percentage (P=0.04) than the young group. 

Baseline systolic and diastolic blood pressures and FeNO were similar across the 

groups. Physical activity levels, measured in metabolic equivalent in minutes per 

week (MET-min/wk), were significantly lower in the old group than the young group 

(P=0.02) with values of 3546 MET-min/wk and 4260 MET-min/wk, respectively.  
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2.3.2 Dietary intake 

Inspection of the food diaries revealed that participants adhered to the dietary 

restrictions and their food intake prior to each visit did not significantly differ between 

trials. Habitual daily nitrate intakes over the four-week period were similar for both 

groups but the mean for all participants was approximately 238mg/day, which is 

higher than the average daily intake of 108mg/day (Babateen et al., 2018).  

 

 
Figure 2.2: Recruitment flowchart, study 1. 
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Table 2.1: Mean (±SD) baseline characteristics for participants in study 1. 
 

 All Young Old P value 
Number 24 12 12  

Gender (male/female) 9/15 6/6 3/9  

Age (years) 45.8±19.4 27.3±3.8 64.3±4.6 <0.001 

Height (cm) 169.0±8.5 172.1±7.5 166.0±8.5 0.07 

Weight (kg) 68.2±8.8 70.0±9.3 66.4±8.2 0.33 

Body mass index (kg/m2) 23.9±2.5 23.6±2.1 24.2±2.9 0.59 

Waist circumference (cm) 82.9±6.3 80.3±4.9 85.5±6.7 0.04 

Body fat (%) 26.7±10.1 22.6±9.2 30.8±9.5 0.04 

SBP (mmHg) 117.7±10.5 115.3±8.4 120.2±12.1 0.27 

DBP (mmHg) 74.6±2.3 72.6±4.2 76.54±7.0 0.11 

FeNO (ppb) 26.5±18.4 30.9±22.2 22.2±13.2 0.25 

Nitrate intake (mg/day) 238.4±126.7 223.8±124.6 252.9±132.6 0.59 

Physical activity (MET-

min/wk) 
3839.5±517.2 4260.4±2088.2 3456.7±2650.8 0.02 

 
Statistical analysis using independent t-tests. SBP = systolic blood pressure, 
DBP = diastolic blood pressure. 

2.3.3 Plasma nitrate 

Young 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on 

plasma nitrate levels in the young and a significant interaction between the two 

factors (P<0.001), as illustrated in Figure 2.3. Pairwise comparisons show that 

plasma nitrate levels following PN were significantly higher than following 100g 

beetroot (+157.5µmol/L; P=0.001; 95%CI: 66.74, 248.22), 200g beetroot 

(+121.1µmol/L; P=0.001; 95%CI: 52.15, 190.04) and 300g beetroot (+85.6µmol/L; 

P=0.04; 95%CI: 3.87, 167.40). Levels following 300g beetroot were also higher than 

following 100g beetroot (+71.8µmol/L; P=0.01; 95%CI: 14.72, 128.96), which 

demonstrates a stepwise dose response to increasing nitrate intakes. Plasma nitrate 

was significantly higher at one, three and five hours than at baseline (P<0.001). 

Analyses show that plasma nitrate levels were significantly raised from baseline at 

one, three, and five hours post-ingestion of all nitrate doses but there was a stepwise 

increase alongside higher doses compared to 100g beetroot after one hour with 

+50.4µmol/L, +89.3µmol/L and +254.1µmol/L higher following 200g, 300g and PN, 
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respectively. Over the 300-minute period, plasma nitrate increased from baseline by 

257%, 358%, 538% and 1027% on average following 100g, 200g, 300g beetroot and 

PN, respectively.  

 
Figure 2.3: Mean (±SEM) plasma nitrate levels over five hours following 
incremental doses of nitrate in the young group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant increase from baseline 
across nitrate doses. 

Old 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on 

plasma nitrate levels in the old and a significant interaction between the two factors 

(P<0.001), as illustrated in Figure 2.4. Pairwise comparisons show that plasma 

nitrate levels following PN were significantly higher than following 100g beetroot 

(+217.9µmol/L; P<0.001; 95%CI: 121.43, 314.46), 200g beetroot (+169.9µmol/L; 

P=0.02; CI: 27.02, 312.80) and 300g beetroot (+164.5µmol/L, P=0.001; 95%CI: 

65.42, 263.61), demonstrating a stepwise dose response to increasing nitrate 

intakes. Post hoc analyses show that plasma nitrate levels were significantly raised 

from baseline at one, three, and five hours post-ingestion of all nitrate doses 

  * 

   * 
    * 
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(P<0.001), although after one hour there was a larger increase following PN than 

100g beetroot (+302.9µmol/L; P<0.001; 95%CI: 165.2, 440.8), 200g beetroot 

(+248.8µmol/L; P=0.002; 95%CI: 90.8, 406.7) and 300g beetroot (+249.3µmol/L; 

P=0.002; 95%CI: 93.9, 404.7). This stepwise increase is evident in Figure 2.4. Over 

the 300-minute period, plasma nitrate levels were higher than baseline by 373%, 

749%, 1015% and 1442% on average following 100g, 200g, 300g beetroot and PN, 

respectively.  

 

 
Figure 2.4: Mean (±SEM) plasma nitrate levels over five hours following 
incremental doses of nitrate in the old group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant increase from baseline 
across nitrate doses. 

AUC 
The AUC over the five-hour period for the young and the old groups demonstrates no 

age effect (P=0.23) but a significant effect of intervention (P<0.001) (Figure 2.5). 

There was no interaction between age and intervention (P=0.24). Pairwise 

comparisons indicate that there was no difference between responses to 100g and 

 * 

   * 

  * 
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200g beetroot but consumption of 300g beetroot produced a larger AUC than the 

consumption of 100g (+23424.3; P=0.004; 95%CI: 6300.5, 40548.2), as did PN 

(+67894.6; P<0.001; 95%CI: 46672.4, 89116.8). Analyses show that this occurs in 

both the young and the old group (P<0.05). There is also a notable trend towards a 

smaller AUC following PN in the young group than the old group (-30821.2; P=0.08; 

95%CI: -66095.1, 4452.8). 

 

 
Figure 2.5: Mean (±SEM) area under the curve (AUC) for plasma nitrate levels in 
the young and the old groups; n = 24 (12 young and 12 old). Data analysed using 
mixed model repeated measures ANOVA (intervention as within-subjects factor 
and age as between-subjects factor). BR = beetroot, PN = potassium nitrate 
positive control. * denotes significant difference between interventions for both 
age groups. 

2.3.4 Plasma nitrite 

Young 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on 

plasma nitrite levels in the young group and a significant interaction between the two 

factors (P<0.001), as illustrated in Figure 2.6. Pairwise comparisons show that 100g 

 * 

* 
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beetroot caused the lowest rise in nitrite levels, with larger values following 200g 

(+39.3nmol/L; P=0.009; 95%CI: 9.1, 69.5), 300g beetroot (+137.7nmol/L; P<0.001; 

95%CI: 87.0, 188.3), and PN (+473.0nmol/L; P<0.001; 95%CI: 384.8, 561.2). As with 

plasma nitrate, this demonstrates a stepwise dose response in plasma nitrite to 

higher doses of nitrate. Analyses show that all doses of beetroot significantly 

increased plasma nitrite levels from baseline at all subsequent time points (P<0.001) 

but at five hours plasma nitrite levels were higher than 100g beetroot following 300g 

beetroot (+230.1nmol/L; P<0.001; 95%CI: 128.3, 331.8) and PN (+837.0nmol/L; 

P<0.001; 95%CI: 664.1, 1009.9). Over the 300-minute period, plasma nitrite 

increased from baseline by 93%, 144%, 179% and 495% on average following 100g, 

200g, 300g beetroot and PN, respectively. 

 
Figure 2.6: Mean (±SEM) plasma nitrite levels over five hours following 
incremental doses of nitrate in the young group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant increase from baseline 
across nitrate doses.  
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Old 
As with the young group, there was a significant effect of time (P<0.001) and 

intervention (P<0.001) on plasma nitrite levels in the old group and a significant 

interaction between the two factors (P<0.001), as shown in Figure 2.7. Higher nitrate 

consumption raised plasma nitrite levels in an incremental fashion, with higher levels 

following 200g beetroot (+33.1nmol/L; P=0.04; 95%CI: 10.3, 55.8), 300g beetroot 

(+106.8nmol/L; P<0.001; 95%CI: 51.6, 161.9), and PN (+398.3nmol/L; P<0.001; 

95%CI: 268.2, 527.9) compared to 100g beetroot ingestion. 100g beetroot itself did 

significantly raise plasma nitrite levels from baseline by 167.3nmol/L (P<0.001; 

95%CI: 117.1, 217.6). Plasma nitrite levels were significantly higher than baseline at 

one, three and five hours following all doses of nitrate (P<0.05). Over the 300-minute 

period, plasma nitrite levels were higher than baseline by 121%, 141%, 239% and 

528% on average following 100g, 200g, 300g beetroot and PN, respectively. 
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Figure 2.7: Mean (±SEM) plasma nitrite levels over five hours following 
incremental doses of nitrate in the old group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant increase from baseline 
across nitrate doses. 

AUC 
The AUC over the five-hour period for plasma nitrite in the young and the old groups 

shows a significant effect of age (P=0.008), as illustrated in Figure 2.8. There was 

also a significant effect of intervention (P<0.001) but no interaction between 

intervention and age (P=0.17). Pairwise comparisons show that there was a dose 

response to nitrate intake, with each incremental dose producing a larger AUC than 

the smaller doses (all P<0.001). Pairwise comparisons also demonstrate that the 

young had a significantly larger AUC than the old group (+16096.3; P=0.008; 95%CI: 

4717.3, 27475.2) across the interventions. Post hoc analyses show that the young 

group had a significantly larger AUC than the old group following 200g beetroot 

(+9180; P=0.03; 95%CI: 1182.0, 17177.9) and 300g beetroot (+16147.5; P=0.04; 

95%CI: 1264.8, 31030.2). There was also a notable trend towards a larger AUC 

following PN in the young group compared to the old (+33587; P=0.07; 95%CI: -

 * 
* 
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2436.3, 69611.3). The AUC following 100g beetroot was not significantly different in 

the young and the old groups (P=0.29). 

 
Figure 2.8: Mean (±SEM) area under the curve (AUC) for plasma nitrite levels in 
the young and the old groups; n = 24 (12 young and 12 old). Data analysed using 
mixed model repeated measures ANOVA (intervention as within-subjects factor 
and age as between-subjects factor). BR = beetroot, PN = potassium nitrate 
positive control. * denotes significant difference between age groups. 

2.3.5 Salivary nitrate 

Young 
Analysis shows a significant effect of time (P<0.001) and intervention (P<0.001) on 

salivary nitrate in the young and an interaction between the two factors (P=0.01). 

This is illustrated in Figure 2.9. Pairwise comparisons show that there was no 

difference in nitrate levels between 100g and 200g beetroot (P=0.51) or 200g and 

300g beetroot (P=0.16) but nitrate levels following 100g were significantly lower than 

following 300g (-1.7mmol/L; P=0.02; 95%CI: -3.2, -0.2) and following PN (-

4.4mmol/L; P=0.004; 95%CI: -7.4, -1.4). Nitrate levels following the consumption of 

PN were also higher than following 300g beetroot (+2.7mmol/L; P=0.02; 95%CI: 0.5, 

 * 

 * 
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5.0), demonstrating a dose response to higher amounts of nitrate. Salivary nitrate 

levels were higher than baseline at one and two hours following consumption of all 

nitrate doses but levels following 300g beetroot and PN remained elevated over the 

five-hour period; nitrate levels following 100g and 200g beetroot were not maintained 

at a significantly higher level. Nitrate levels at the 12-hour period were not different 

from baseline (P=1.00), demonstrating that salivary nitrate levels had returned to 

normal. Over the 300-minute period, salivary nitrate levels rose by on average 466%, 

669%, 510% and 1089% from baseline following 100g, 200g, 300g beetroot and PN, 

respectively. 

 
Figure 2.9: Mean (±SEM) salivary nitrate levels over 12 hours following 
incremental doses of nitrate in the young group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate. * denotes significant increase from baseline across nitrate 
doses. 

Old  
There was a significant effect of time (P<0.001) and intervention (P<0.001), as well 

as an interaction between the two factors (P<0.001), on salivary nitrate levels in the 

old group (Figure 2.10). Nitrate levels were incrementally higher compared to 100g 

  * 
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beetroot following 200g (+0.8mmol/L; P=0.005; 95%CI: 0.3, 1.3), 300g (+1.8mmol/L; 

P=0.003; 95%CI: 0.6, 2.9), and PN (+5.1mmol/L; P<0.001; 95%CI: 3.7, 6.3). Nitrate 

levels were elevated from baseline at all time points across the five-hour period 

following all nitrate doses (all P<0.05). Similar to the young group, nitrate levels at 

baseline and at 12 hours were not significantly different in any of the interventions 

(P=1.00). Over the 300-minute period, salivary nitrate levels rose by 649%, 1035%, 

437% and 1129% from baseline following 100g, 200g, 300g beetroot and PN, 

respectively. 

 
Figure 2.10: Mean (±SEM) salivary nitrate levels over 12 hours following 
incremental doses of nitrate in the old group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate. * denotes significant increase from baseline across nitrate 
doses. 

AUC 
There was no effect of age (P=0.28) but a significant effect of intervention (P<0.001) 

on AUC for salivary nitrate (Figure 2.11). There was no interaction between 

intervention and age (P=0.86). Pairwise comparisons show that the AUC was 

significantly larger following PN than all other interventions (all P<0.001) and AUC 
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rose incrementally, with higher values after 200g beetroot than 100g beetroot 

(+289.7; P=0.009; 95%CI: 59.3, 520.1) and higher values after 300g than 200g 

(+675.3; P=0.001; 95%CI: 232.9, 1117.8). Analyses show that there was no 

difference in AUC between the young and old groups following any of the 

interventions (all P>0.05) but there was a trend towards a higher AUC in the old than 

the young following 200g beetroot (+416.2; P=0.09; 95%CI: -70.9, 903.3).  

 
Figure 2.11: Mean (±SEM) area under the curve (AUC) for salivary nitrate levels in 
the young and the old groups; n = 24. Data analysed using mixed model repeated 
measures ANOVA (intervention as within-subjects factor and age as between-
subjects factor). BR = beetroot, PN = potassium nitrate positive control. * denotes 
significant difference between interventions for both age groups. 

2.3.6 Salivary nitrite 

Young 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on 

salivary nitrite levels in the young and an interaction between the two factors 

(P=0.04), as shown in Figure 2.12. Pairwise comparisons identify higher levels 

following PN compared to 100g beetroot (+460.4µmol/L; P=0.03; 95%CI: 41.1, 879.7) 
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and compared to 200g beetroot (+425.1µmol/L; P=0.005; 95%CI: 122.2, 727.9). 

Nitrite levels were significantly higher at all time points over the five-hour period than 

baseline across interventions. As with salivary nitrate, there was no difference 

between salivary nitrite levels at baseline and at 12 hours. 100g beetroot did not 

significantly raise nitrite levels over time but 200g (+422.9µmol/L; P=0.008; 95%CI: 

92.3, 753.5) and 300g beetroot (+617.3µmol/L; P=0.01; 95%CI: 116.4, 1118.1) did. 

Over the 300-minute period, salivary nitrite levels rose by 381%, 308%, 564%, and 

573% from baseline following 100g, 200g, 300g beetroot and PN, respectively.  

 
Figure 2.12: Mean (±SEM) salivary nitrite levels over 12 hours following 
incremental doses of nitrate in the young group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. 

 

Old 
There was a significant effect of time (P<0.001) and intervention (P=0.004) on 

salivary nitrite levels in the old group and an interaction between the two factors 

(P=0.01) (Figure 2.13). There was no difference between 100g and 200g beetroot but 
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levels following 100g were significantly lower than following 300g (-215.4µmol/L; 

P=0.05; 95%CI: -433.6, 2.8) and following PN (-426.3µmol/L; P=0.008; 95%CI: -

747.2, -105.5). Contrary to what was seen in the young group, salivary nitrite levels 

did not return to baseline after 12 hours; levels were 289.5µmol/L higher than 

baseline (P=0.003; 95%CI: 93.1, 485.9) for all interventions combined. 100g beetroot 

did not significantly raise nitrite levels over the five-hour period but there was a 

noteworthy trend towards an increase in nitrite following 200g beetroot 

(+446.9µmol/L; P=0.06; 95%CI: -11.4, 905.3). Levels were raised at multiple time 

points following 300g beetroot and at all time points following PN. Over the 300-

minute period, salivary nitrite levels were 206%, 466%, 544%, and 860% higher than 

baseline following 100g, 200g, 300g beetroot and PN, respectively.  
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Figure 2.13: Mean (±SEM) salivary nitrite levels over 12 hours following 
incremental doses of nitrate in the old group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. 

 

AUC 
There was no effect of age (P=0.74) but a significant effect of intervention on AUC 

over the 300-minute period for salivary nitrite (P<0.001), as shown in Figure 2.14. 

There was no interaction between intervention and age (P=0.74). The AUC over the 

300-minute period was significantly larger following PN than 100g beetroot 

(+293492.5; P<0.001; 95%CI: 137490.6, 449494.4), 200g beetroot (+229182.5; 

P<0.001; 95%CI: 92273.5, 366091.5) and 300g beetroot (+152418.8; P=0.03; 

95%CI: 13240.5, 291596.9). The AUC following 300g was also significantly larger 

than following 100g beetroot (+141073.8; P=0.01; 95%CI: 22463.6, 259683.9).  
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Figure 2.14: Mean (±SEM) area under the curve (AUC) for salivary nitrite levels in 
the young and the old groups; n = 24 (12 young and 12 old). Data analysed using 
mixed model repeated measures ANOVA (intervention as within-subjects factor 
and age as between-subjects factor). BR = beetroot, PN = potassium nitrate 
positive control. * denotes significant difference between interventions across 
both age groups.  

2.3.7 Urinary nitrate 

Presented here are the urinary nitrate concentrations and total nitrate excretion for 

both age groups. Nitrate excretion for both age groups following each intervention 

can be seen in Appendix H.  

Concentrations - young 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on urinary 

nitrate concentrations in the young (Figure 2.15). There was also an interaction 

between the two factors (P=0.003). Pairwise comparisons indicate that there were 

lower concentrations compared to PN after 100g beetroot (-1.8mmol/L; P=0.002; 

95%CI: -2.9, -0.6) and after 200g beetroot (-1.3mmol/L; P=0.01; 95%CI: -2.4, -0.3), 

demonstrating a dose response to larger amounts of nitrate. Urinary nitrate 

concentration was higher than baseline at each other time point measured, but there 

     * 
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was no difference between concentrations at 3-6, 6-12 or 12-24 hours. 0-3 hours 

post-nitrate ingestion, urinary nitrate concentrations were significantly higher 

following PN than following 100g beetroot (+1.3mmol/L; P=0.003; 95%CI: 0.5, 2.2) 

and following 200g beetroot (+1.0mmol/L; P=0.02; 95%CI: 0.1, 1.9). At 3-6 hours and 

12-24 hours there were no differences between the interventions, but levels following 

PN were significantly higher than 100g beetroot at 6-12 hours post-ingestion 

(+3.3mmol/L; P=0.008; 95%CI: 0.8, 5.8).  

 
Figure 2.15: Mean (±SEM) urinary nitrate concentrations over 24 hours following 
incremental doses of nitrate in the young group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant difference from baseline 
across nitrate doses.  

Old 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on urinary 

nitrate concentrations in the old group and a significant interaction between the two 

factors (P<0.001) (Figure 2.16). Similar to the young group, urinary nitrate 

concentrations in the old group were lower for 100g (-3.1mmol/L; P<0.001; 95%CI: -
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4.5, -1.7) and 200g beetroot (-2.6mmol/L; P=0.001; 95%CI: -4.0, -1.1) than for PN. 

Nitrate levels were significantly higher than baseline for all other time points 

measured (all P<0.05).  

 
Figure 2.16: Mean (±SEM) urinary nitrate concentrations over 24 hours following 
incremental doses of nitrate in the old group; n = 12. Statistical analysis using 
two-factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant difference from baseline 
across nitrate doses. 
 

Total nitrate excretion and nitrate recovery 
There was no effect of age (P=0.74) but a significant effect of intervention on total 

urinary nitrate excretion (P<0.001), as shown in Figure 2.17A. There was no 

interaction between age and intervention (P=0.44). Pairwise comparisons show that 

total nitrate excretion was significantly higher following PN than following 100g 

beetroot (+302.3mg; P<0.001; 95%CI: 203.9, 400.8), 200g beetroot (+256.6mg; 

P<0.001; 95%CI: 144.7, 368.5) and 300g beetroot (+162.2mg; P=0.03; 95%CI: 11.9, 

312.4), demonstrating a dose response across both groups. Excretion was also 

higher following 300g beetroot than 100g (+140.2mg; P=0.01; 95%CI: 27.3, 253.1).  

* 

* 

* 

   * 
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Urinary nitrate recovery was calculated as a percentage of the ingested nitrate 

excreted in 24 hours for each intervention. There was no effect of age (P=0.35) but a 

significant effect of intervention (P=0.009) on urinary nitrate recovery. There was no 

interaction between intervention and age (P=0.21) (Figure 2.17B). Pairwise 

comparisons show that recovery was significantly greater following 100g beetroot 

than 200g beetroot (+17.7%; P=0.04; 95%CI: 0.6, 34.7) but there were no other 

significant differences between interventions. Recovery after 100g beetroot was 

significantly greater than 200g beetroot in the young group (+22.9%; P=0.05; 95%CI: 

-0.1, 45.9) but there were no significant differences in the old group.  

 



 82 

 

 
Figure 2.17: Mean (±SEM) total urinary nitrate excretion (A) and urinary nitrate recovery (B) over 24 hours following 
incremental doses of nitrate in the young and old groups; n = 24 (12 young and 12 old). Statistical analysis using mixed model 
repeated measures ANOVA (intervention as within-subjects factor and age as between-subjects factor). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant difference between interventions. 
 

 * 
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2.3.8 FeNO 

Young and old participants had statistically similar FeNO values at baseline of 

30.92ppb and 22.17ppb, respectively (P=0.25). The ICC values of 0.96 and 0.92 

demonstrate that, for the young and the old respectively, there was consistency 

across baseline values for each intervention. 

Young 
There was a significant time effect (P<0.001) on FeNO levels but no difference 

between interventions (P=0.51), as shown in Figure 2.18. There was no interaction 

between time and intervention (P=0.23). Pairwise comparisons show that levels rose 

significantly from baseline levels at the early (+8.9ppb; P=0.01; 95%CI: 2.0, 15.8), 

mid (+9.6ppb; P=0.001; 95%CI: 3.9, 15.3), and late (+10.1ppb; P<0.001; 95%CI: 4.9, 

15.1) time points, demonstrating increasing FeNO levels over time. Over the 300-

minute period, FeNO levels rose by 32%, 58%, 54%, and 70% following 100g, 200g, 

300g beetroot and PN, respectively. 
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Figure 2.18: Mean (±SEM) exhaled nitric oxide (FeNO) levels over 300 minutes in 
young group given incremental doses of nitrate; n = 12. Data analysed with a two-
factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant difference to baseline 
across nitrate doses. 

 

Old 
There was a significant time effect in the old group (P<0.001) but no significant effect 

of intervention (P=0.11) (Figure 2.19). Pairwise comparisons show that FeNO levels 

significantly rose from baseline at all time points (all P<0.05). There was no 

significant interaction between time and intervention (P=0.18). Over the 300-minute 

period FeNO levels rose by 36%, 46%, 77%, and 61% following 100g, 200g, 300g 

beetroot and PN, respectively.  
 

   * 
  *   * 
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Figure 2.19: Mean (±SEM) exhaled nitric oxide (FeNO) levels over 300 minutes in 
old group given incremental doses of nitrate; n = 12. Data analysed with a two-
factor repeated measures ANOVA (intervention x time). BR = beetroot, PN = 
potassium nitrate positive control. * denotes significant difference to baseline 
across nitrate doses. 

 

AUC 

The AUC over the 300-minute period shows a noteworthy trend for an effect of 

intervention (P=0.07) but no difference between age groups (P=0.28) (Figure 2.20). 

There was no interaction between intervention and age (P=0.60). Post hoc analyses 

identify only a trend towards a lower AUC following 100g beetroot than PN (+2426.3; 

P=0.09; 95%CI: -260.6, 5113.1) but no other differences between interventions. 

* 
  *   * 
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Figure 2.20: Mean (±SEM) area under the curve (AUC) over 300 minutes for 
exhaled nitric oxide (FeNO) in the young and old groups; n = 24 (12 young and 12 
old). Data analysed using mixed model repeated measures ANOVA (intervention 
as within-subjects factor and age as between-subjects factor). BR = beetroot, PN 
= potassium nitrate positive control. 

2.3.9 Correlation between plasma nitrate and nitrite and FeNO 

A Pearson product-moment correlation coefficient was calculated to assess the 

relationship between changes in plasma nitrate and nitrite levels and changes in 

FeNO. Across both age groups, there was no correlation between changes in plasma 

nitrate and changes in FeNO (r=0.17; n=288; P=0.005) or between changes in 

plasma nitrite and changes in FeNO (r=0.11; n=288; P=0.07).  

 

In the young group, there was no correlation between changes in plasma nitrate and 

changes in FeNO (r=0.13; n=144; P=0.13) or between plasma nitrite and FeNO 

(r=0.08; n=144; P=0.33), as demonstrated in Figure 2.21A. In the old group, there 

was a small, positive correlation between plasma nitrate levels and FeNO (r=0.22; 

n=144; P=0.007). There was no correlation between plasma nitrite and FeNO 

(r=0.15; n=144; P=0.08). This is shown in Figure 2.21B. 
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Figure 2.21: Scatterplot showing correlation between change in plasma nitrate 
levels and change in exhaled nitric oxide (FeNO) in the young group (A); n =144 
and old group (B); n = 144. Statistical analysis using Pearson’s coefficient.  

 

2.4 Discussion 

2.4.1 Summary of the findings 

This is the first study to investigate the pharmacokinetics of nitrate and nitrite 

following incremental doses of whole beetroot in both younger and older healthy 

participants. The main findings were: 1) whole beetroot can raise plasma nitrate and 

nitrite levels in both the young and the old; 2) despite comparable if not higher 

plasma nitrate levels to the young group, older adults had lower levels of plasma 

nitrite following nitrate loads; and 3) FeNO was raised following beetroot 

consumption and to comparable levels in the young and old participants. These 

results together suggest that a small dose of whole beetroot, just above what is 

considered a normal vegetable portion of 80g, is effective at raising plasma nitrite 

levels, implying that NO production can also be raised by this food. This response is 

more pronounced in a young population. What is unclear is whether these plasma 

nitrite levels are high enough to elicit physiological benefits such as a reduction in 

blood pressure and this is discussed in Chapter 3. 

A B 

   P=0.13 P=0.007 
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2.4.2 The pharmacokinetics of nitrate and nitrite from whole beetroot 

Plasma 
Baseline values for both nitrate and nitrite demonstrate adherence to the dietary 

restrictions in place in the two days before each visit. 100g of the whole beetroot 

used in this study was found to contain approximately 272mg of nitrate, which is 

close to the average 250mg described by Hord, Tang and Bryan in 2009 and the 

range described by van der Avoort et al. (2018) as 35 to 258mg/100g. As mentioned 

previously, the nitrate content of beetroot can vary during the growing season due to 

a number of environmental factors, however the above average values were used for 

analysis purposes in this study. Results show that the smallest dose of beetroot, 

100g, significantly raised plasma nitrate levels in both the young and the old 

participants, from 28 to 86µmol/L and from 25 to 128µmol/L, respectively, 

demonstrating the efficient absorption of nitrate from the whole vegetable.  

 

The pharmacokinetics of dietary nitrate through the nitrate-nitrite-NO process are well 

known in young adults but the age-related factors mentioned in Chapter 1, such as 

changes to the oral microbiome, are likely to alter the process in older adults. One of 

the first groups to assess the pharmacokinetics of dietary nitrate in older adults was 

Miller et al. (2012), who found that a high-nitrate diet providing a maximum of 77mg 

nitrate in a single bolus was not sufficient to increase plasma nitrate and nitrite levels. 

Their high nitrate diet included foods such as bacon, spinach, beetroot and green 

vegetables, totalling a daily nitrate intake of ~155mg spread throughout the day. 

Previously, Presley et al. (2011) demonstrated that a high-nitrate diet significantly 

increased plasma nitrate and nitrite levels in older adults. The diet itself contained 

242mg nitrate but this was supplemented by 500ml beetroot juice containing 527mg 

nitrate, taking the overall nitrate content of the diet to 769mg. Results from the 

present study show that 300g beetroot elicited the highest rise in plasma nitrate 

levels compared to 100g by 2.3- and 1.7-fold in the young and the old, respectively. 

Furthermore, plasma nitrite levels following 200g and 300g beetroot were around 1.4- 

and 1.8-fold higher than following 100g. These data together suggest a dose-

dependent response to increasing nitrate intakes on plasma nitrate and nitrite levels 
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It has previously been described that nitrate in the form of a potassium nitrate 

capsule, equivalent to 248mg, can significantly raise plasma nitrate and nitrite levels 

and this was deemed the minimum dose required to exert beneficial effects on blood 

pressure (Kapil et al., 2010). The results of the plasma nitrate analysis in the present 

study demonstrate that levels were raised following a single bolus of 272mg whole 

beetroot in both a young and an old population. Plasma pharmacokinetic data for 

nitrate and nitrite following 300g beetroot in the present study mirror those of other 

studies supplementing with potassium nitrate capsules or beetroot juice (Kapil et al., 

2010; Shepherd et al., 2015). Plasma nitrate levels peaked between two and three 

hours post-ingestion of all doses of beetroot, while PN ingestion caused an earlier 

peak around one hour. Although not all time points were analysed, these peaks are 

thought to accurately reflect the pharmacokinetic profile of nitrate based on previous 

studies using beetroot (Clifford et al., 2017; van Velzen et al., 2008). The difference 

in time to peak for PN most likely reflects the body’s ability to process a nitrate 

solution faster than nitrate from a whole vegetable. Plasma nitrite peaked later at 

around five hours, demonstrating the utilization of the salivary pathway in the 

breakdown of nitrate to nitrite after first reaching the blood. There was no difference 

in peak time between beetroot and PN for plasma nitrite. This comparable 

pharmacokinetic profile reveals that beetroot in its whole form, and at amounts 

equivalent to a standard vegetable dose, is a rich source of available dietary nitrate. 

Furthermore, it is clear that the food matrix, including dietary fibre for example, is not 

a limiting factor in the availability of dietary nitrate from whole beetroot. The 

pharmacokinetic profile of nitrate and nitrite following beetroot consumption, including 

time to peak, is a useful tool in identifying the timing of physiological effects 

associated with the ingestion of these compounds.  

Saliva 
25% of the nitrate that reaches the blood from dietary nitrate ingestion is transported 

to the salivary glands, while 75% is excreted in the urine. Lundberg and Govoni 

(2004) describe that saliva is necessary for a rise in plasma nitrite, elegantly 

demonstrated through the interruption in swallowing saliva following nitrate ingestion. 

Salivary nitrate levels rose quickly in both age groups following 100g beetroot in the 

present study, peaking around one to two hours at 2.6mmol/L and 4.1mmol/L in the 

young and old, respectively. Levels peaked at 5.3mmol/L and 6.0mmol/L following 
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300g beetroot in the young and the old, respectively, again demonstrating the dose 

response to larger amounts of nitrate evident in plasma. Salivary nitrate levels 

appear higher in the older group than the younger group, although it was not found to 

be statistically different. Nitrate levels in the older group also remained significantly 

elevated following all beetroot doses, whereas levels in the young group fell below 

significance. This correlates with the higher plasma nitrate levels seen in the old 

compared to the young, although again this was not found to be a significant 

difference. This suggests heightened utilisation of dietary nitrate in older participants, 

potentially as a protective mechanism against the reduced ability to convert nitrate to 

nitrite. 

 

It is evident from the results of nitrite analysis that 100g of beetroot i.e. a dose of 

272mg nitrate is not sufficient to raise salivary nitrite levels in the young or the old, 

despite significantly raising salivary nitrate. This suggests that the small dose of 

nitrate does not sufficiently stimulate the nitrate-reducing bacteria located in the 

salivary glands to reduce salivary nitrate to nitrite. As early as 1976, it was 

determined that salivary nitrite levels were highly dependent on nitrate ingestion and 

there was a limit below 54mg in which salivary nitrate and nitrite levels did not 

change (Spiegelhalder et al., 1976). Bacteria use nitrate and nitrite as final electron 

acceptors in respiration when it is available in the oral cavity (Spiegelhalder et al., 

1976), therefore a low availability from small nitrate doses may affect respiration 

pathways in the bacteria. It is estimated that 4-8% of the ingested nitrate is converted 

to nitrite in the oral cavity (van Velzen et al., 2008). Higher doses of nitrate i.e. 200g 

beetroot and above were shown to increase salivary nitrite levels in both age groups, 

which suggests that these nitrate doses are able to stimulate nitrate to nitrite 

reduction in the saliva. 

 

It has been shown that there is a continuous uptake of nitrate from the blood to the 

salivary glands and although the exact mechanism behind it is not known, the protein 

sialin may have a role (Qu et al., 2016). Sialin has been found to be a nitrate 

transporter, mediating nitrate influx into the salivary glands where it can be 

processed by nitrate-reducing bacteria (Qu et al., 2016). Although the analysis is 

beyond the scope of this thesis, saliva samples collected are being used for further 
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research into sialin and age-related differences in the uptake of nitrate to the salivary 

glands. 

Urine 
Nitrate from whole beetroot is absorbed from the gut into the systemic circulation and 

75% of the consumed nitrate is excreted in the urine, unprocessed. Nitrate was found 

in the urine within three hours following consumption of beetroot in the present study 

and tended to peak between six and 12 hours, which correlates with evidence in the 

literature (Pannala et al., 2003). Pannala et al. (2003) found that urinary nitrate levels 

peaked at four to six hours following the ingestion of ~222mg nitrate, which is similar 

to the dose provided by 100g beetroot in the present study. Nitrate concentrations 

remained elevated at 12-24 hours post-ingestion in the present study, demonstrating 

that dietary nitrate had not been cleared within 24 hours. Dietary nitrate has a half-life 

of around eight hours and 60% of ingested nitrate has been found to be excreted in 

the urine within 48 hours (Jajja et al., 2014); a longer sampling period in the present 

study may therefore have identified the time when levels returned to baseline. The 

greater excretion and lower retention of nitrate following the consumption of larger 

doses of nitrate suggest a tightly regulated negative feedback loop to maintain nitrate 

levels within a specific range. It may be that nitrate reserves become saturated and 

the body excretes excess amounts through urine. This is the first study to investigate 

incremental doses of nitrate on nitrate excretion in urine and future studies are 

warranted in this area. 

2.4.3 Bioavailability 

The pharmacokinetic profile of nitrate following beetroot consumption demonstrates 

bioavailability of nitrate from this source. van Velzen et al. (2008) demonstrated a 

bioavailability of 106±15% from cooked beetroot in young adults, which provided 

643mg nitrate. Another study to include whole beetroot in its measurements was that 

by Clifford et al. (2017), who found that NO levels, measured through nitrate and 

nitrite concentrations, were raised following the consumption of 300g whole beetroot 

in young, healthy males. The present study shows that dietary nitrate from whole 

beetroot is available to the body in older adults using a direct comparison to a 

younger population. 
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Dietary nitrate exerts its beneficial effects on the body through its breakdown to nitrite 

and further to NO, which has a vasodilatory effect on the vascular system. The 

significant increase in plasma nitrite levels following doses of beetroot demonstrates 

that commensal bacteria in the saliva are converting nitrate to nitrite and raising 

plasma nitrite concentrations on swallowing. As nitrite levels are a marker for NO 

production in the body, this demonstrates that whole beetroot, even in small 

amounts, can increase NO production and therefore have a positive effect on the 

vascular system.  

 

Clifford et al. (2017) found that NO concentration peaked at two hours post-ingestion 

of beetroot and returned to baseline within five hours. The present study found a later 

peak time of around five hours post-beetroot ingestion for nitrite levels. Furthermore, 

plasma nitrite levels remained elevated above baseline at the five-hour period 

following all doses of beetroot, which suggests that NO levels would also remain 

elevated for a longer period. The differences seen here may be due to the analysis 

techniques used, as Clifford et al. (2017) did not use a stop solution to preserve 

plasma nitrite, which may have underestimated the peak nitrite levels.  

 

Although bioavailable to the body, dietary nitrate from smaller doses of beetroot may 

not have physiological effects. For example, Dejam et al. (2007) found that plasma 

nitrite levels of 350nm and above increased forearm blood flow and this level was not 

reached by beetroot amounts below 300g in the old group and below 200g in the 

young group. However, 300g beetroot was found to raise plasma nitrite to 

physiologically beneficial levels in both the young and the old group, at least for 

forearm blood flow. A blood pressure-lowering effect was seen with a nitrate intake of 

~248mg in a study by Kapil et al. (2010b). This nitrate intake can be achieved 

through the consumption of 300g beetroot but not by smaller doses than this. The 

physiological responses to dietary nitrate from beetroot are described in Chapter 3. 

2.4.4 Fractional exhaled nitric oxide (FeNO) 

NO can be formed from nitrite in the oral cavity and stomach (Olin et al., 2001) and 

elevated FeNO levels following a nitrate load demonstrate this pathway. There is 

large variation in normal baseline FeNO, with values described between 3 and 88ppb 
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(Dweik, 2011) and an average of 18ppb (Dressel et al., 2008; Travers et al., 2007). 

FeNO values in the present study can be described as normal, although there is not 

a reliable reference range for older adults. A number of studies have identified 

gender differences in FeNO (Taylor et al., 2007; Travers et al., 2007) but it is out with 

the scope of this thesis to assess FeNO at this level. Other factors that influence 

FeNO, such as smoking status, were controlled for during the screening process.  

 

Each of the beetroot doses in the present study raised FeNO levels within one hour 

of consumption and these levels remained elevated over the five-hour intervention 

period. There was no difference between the interventions, showing that a small 

amount of beetroot, providing 272mg nitrate, has the ability to increase NO levels in 

exhaled air. Vints et al. (2005) tracked exhaled NO over 20 hours following a meal 

providing 230mg nitrate and demonstrated a 60% rise in exhaled NO after two hours 

in participants aged between 24 and 61 years. The percentage increase in FeNO 

between 32% and 36% following the consumption of 272mg nitrate in the present 

study was smaller than that seen by Vints et al. (2005) but levels were still above 

baseline five hours post-ingestion, so it is unclear how long levels remained elevated 

for and if they continued to rise. A longer intervention period is therefore required to 

show the full extent of the effects. Larger doses of beetroot and the PN led to larger 

percentage changes in FeNO in both the young and the old group, reaching a 

maximum of 70% following PN in the young and 77% following 300g beetroot in the 

old. Changes in FeNO following PN in both age groups are larger than those 

demonstrated by Olin et al. (2001) following a meal containing 1g nitrate; a 47% 

increase was seen. This is likely to be due to the different sources of nitrate i.e. 

potassium nitrate solution compared to a nitrate-rich vegetable meal. 

 

Results from the present study demonstrate a small correlation between changes in 

plasma nitrate and FeNO levels in the old group. The trend towards higher plasma 

nitrate levels in the old group than the young group may explain this correlation and 

demonstrates an efficient breakdown of dietary nitrate to NO in the oral cavity. 

Furthermore, although there was no significant difference between young and old 

values for FeNO, there appears to be correlation between higher nitrate doses and 

smaller differences between the groups. The graph for 100g beetroot shows a large 

difference between the young and the old, whereas the PN graph shows the lines for 
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each group converging. The mean difference between FeNO values for the young 

and the old groups following 100g of beetroot is 12ppb, while the mean difference 

following PN is 6ppb. This suggests that larger doses of nitrate bring the FeNO of 

younger and older adults to a more comparable value, which may be more evident 

with a larger sample size.  

2.4.5 The effect of age on nitrate and nitrite levels 

There was a trend towards higher plasma nitrate levels in the old group than the 

young group following PN consumption but not following beetroot consumption. It 

could be that reduced functioning of the nitrate-nitrite-NO breakdown pathway 

stimulates a rise in plasma nitrate levels in a compensatory manner in older adults. 

Despite comparable plasma nitrate levels across the interventions, particularly 

following beetroot consumption, plasma nitrite levels were significantly lower in the 

older group than the younger group. The conversion of nitrate to nitrite occurs in the 

mouth and therefore plasma levels of nitrite are only increased following swallowing; 

this suggests that age differences lie in the oral conversion of nitrate to nitrite. 

However, salivary nitrate and nitrite levels are similar in the young and the old groups 

following the ingestion of nitrate, which contradicts the hypothesis of impaired nitrate-

nitrite breakdown in the older group. 100g beetroot was not sufficient to raise salivary 

nitrite levels in the young or the old but the young responded to 200g beetroot more 

favourably than the old group. This implies that larger nitrate doses are required to 

elicit responses in an older group compared to a younger group. The majority of 

nitrite, ~70%, is produced in the body from endogenous NO synthase-derived NO 

and the lower plasma nitrite levels seen in the old group could be due to a reduced 

background nitrite production and storage pool. The oxidation of NO to nitrite is 

catalysed by ceruloplasmin in the plasma or cytochrome c oxidase in tissues (Shiva, 

2013) but lower levels of NO, which is evident in older age, may result in lower 

circulating nitrite. An independent t-test demonstrates that baseline plasma nitrite 

levels were on average 24nmol/L lower in the old group than the young group 

(P=0.08), suggesting impairment in endogenous nitrite production. Although the 

pharmacokinetic profile shows that the time of peak plasma nitrite levels were the 

same in the young and the old, the lower baseline nitrite and lower amounts 
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produced from dietary nitrate in the old group in this study allude to an overall 

mechanistic impairment compared to younger adults.  

 

Ultimately, plasma nitrite provides a marker for NO production and therefore lower 

levels of plasma nitrite in the old group suggests that NO production following 

ingestion of dietary nitrate is lower in the older group compared to the younger group. 

Although age-related differences in plasma nitrite levels have been demonstrated, 

there was no difference in FeNO between the age groups. Baseline levels were 

comparable, although the older group had an ~8ppb lower value than the young 

group; the sample size here may have been too small to identify significant effects. 

All doses of nitrate significantly raised FeNO levels over time in both age groups, 

demonstrating that dietary nitrate from whole beetroot is bioavailable and it can 

impact on NO levels in both the young and the old. More research is warranted into 

the production of nitrite from both dietary nitrate and endogenous NO into older age, 

as it is evident that there is a reduced efficiency in one or other of these pathways. 

2.4.6 Strengths and limitations 

This study investigated, for the first time, supplementation with practical amounts of 

whole beetroot and the bioavailability of dietary nitrate from this food source in both 

young and old adults. The dietary restrictions and seven-day washout period 

between trials ensured no carry-on effect of nitrate-rich foods consumed before 

testing or of previous trials. It has been demonstrated that concentrations of plasma 

nitrate and nitrite return to baseline levels around 24 hours following consumption of 

dietary nitrate (James et al., 2015). Furthermore, the stringent screening process 

ensured that disease states or medications that may have confounded the effects of 

the interventions on the nitrate-nitrite-NO cycle were screened out. Kidney function 

was not assessed in relation to urinary excretion but exclusion criteria also ensured 

that participants had no history of kidney disorders. 

 

The addition of salivary nitrate and nitrite and urinary nitrate measurement to 

measurement of plasma concentrations of these compounds benefits the body of 

research on the pharmacokinetics of dietary nitrate from whole beetroot in an older 

population. Furthermore, nitrite is unstable in whole blood, so rapid processing and 
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the addition of a stop-solution ensured that analysis was reliable for the 

measurement of nitrite. Previous studies have highlighted omission of this step as a 

limitation in their analysis (Ashor et al., 2016; McIlvenna et al., 2017). This study also 

utilised ozone-based chemiluminescence, which is acknowledged as the gold 

standard method and the most sensitive technique available for the measurement of 

NO and its metabolites (Pinder et al., 2008). 

 

The small sample size limits the application of this study and the conclusions that can 

be drawn from it. However, the crossover design and inclusion of both a young and 

an older participant group of equal size allowed for direct comparison and 

assessment of the impact of age on dietary nitrate processing. The nitrate content of 

commercially available beetroot varies and it was not possible to ensure that all 

beetroot given to participants was from one batch. Purchasing beetroot on a per-

participant basis therefore meant that the nitrate content of the beetroot could have 

varied across participants. However, the beetroot purchased came from the same 

supplier and all trials were conducted within a small a timeframe as possible to 

reduce the impact of nitrate variability. Presenting the participants with beetroot 

meant that the trials were not blinded and measurements may have been 

unconsciously influenced by the allocation to the interventions. The crossover 

randomisation ensured a strict within-volunteer control of factors that may impact on 

outcomes, such as body composition and healthy status. Steps were taken to ensure 

that trials were replicated closely, bar the dose of nitrate provided, in an attempt to 

standardise the study visits. It is acknowledged that instructing participants to follow a 

restrictive diet throughout the study could have influenced the results. Therefore, 

future studies are needed to establish whether results can be replicated alongside 

the maintenance of habitual dietary intakes.  

2.4.7 Conclusions 

This study highlights age differences in utilisation of dietary nitrate from whole 

beetroot, evident from the lower levels of plasma nitrite observed in old participants 

compared to young. As plasma nitrite is a reliable marker for NO levels in the body, 

this suggests that NO production is lower in an older population following the 

consumption of beetroot when compared to a younger population. Despite this, 
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whole beetroot was found to be a source of bioavailable nitrate for both young and 

old participants but larger amounts, up to 300g, are required by older individuals to 

stimulate an increase in plasma nitrite. More research is warranted into the 

production of nitrite from both dietary nitrate and endogenous NO into older age, as it 

is evident that there is a reduced efficiency in one or other of these pathways. 

Subsequent research should now focus on whether whole beetroot, in practical 

amounts, has physiological effects on the body in both young and old participants.  
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Chapter 3. Physiological effects of acute beetroot supplementation 
in young and old participants 

3.1 Introduction 

Nitric oxide (NO) has a very short half-life but has a profound relaxant effect on 

vascular smooth muscle and has been found to inhibit platelet aggregation (Mellion 

et al., 1981). Through its dilatory properties, NO regulates vascular tone and blood 

pressure (Ignarro, 2002) and this prompted investigation into NO availability and 

consequent impacts on blood pressure and blood flow. NO levels can be raised by 

the consumption of dietary nitrate, which is broken down to nitrite and further to NO 

in a stepwise process involving nitrate-reducing bacteria. The richest sources of 

dietary nitrate include beetroot, rocket and lettuce, and beetroot has received a lot of 

attention as an active intervention food. In 2008, Webb et al. first demonstrated blood 

pressure-lowering effects of beetroot ingestion in young, healthy volunteers, which 

led to further exploration into the manipulation of NO levels through the intake of 

nitrate-rich foods.  

 

Beetroot juice, as a potent source of dietary nitrate, has been repeatedly found to 

reduce blood pressure and improve blood flow (Lara et al., 2016; Siervo et al., 2013). 

There has been, however, a wide variety of nitrate doses provided and a 

preponderance of research on young, healthy volunteers. The use of beetroot juice is 

widespread in dietary nitrate research, propelled by the recent development of a 

nitrate-free placebo juice. Young, healthy adults are at a low risk of cardiovascular 

disease (CVD) but are efficient in the breakdown of dietary nitrate to NO and have a 

greater endogenous production of NO than older adults (Ashor et al., 2016). This 

population is therefore able to provide an elegant portrayal of the physiological 

effects of NO following dietary nitrate intake but their low risk of CVD make the 

practical application of supplementation less relevant. Older adults who are more at 

risk of CVD because of the ageing process provide a more suitable cohort in which to 

investigate the positive effects of dietary nitrate intake.  

 

Although the majority of work on beetroot has focussed on juice form, there are many 

other ways to utilise the vegetable, such as in gel form (Morgado et al., 2016), 
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incorporated into bread (Hobbs et al., 2012), or as a whole vegetable. Beetroot in its 

whole form is underused and although nitrate levels vary depending on factors such 

as time of harvest, it provides a bioavailable source of nitrate, as well as dietary fibre. 

What is unclear to date is whether whole beetroot is an acceptable and practical form 

of dietary nitrate that can be consumed in an attempt to reduce blood pressure and 

improve blood flow in both young and older adults. This study explores the effects of 

incremental doses of whole beetroot on blood pressure and vascular function in 

young and old participants and investigates whether or not these are correlated with 

plasma biomarkers of NO production i.e. nitrate and nitrite. The acceptability of the 

beetroot doses is assessed in both groups in an effort to gain an understanding of 

compliance and applicability of whole beetroot consumption. It was hypothesised that 

the positive effect on blood pressure and microvascular function associated with 

nitrate would be reduced in the older population and that the response to the beetroot 

would be greater with higher quantities in both populations. To investigate these 

hypotheses a four-arm, crossover trial was set up, directly comparing the 

physiological responses to incremental doses of whole beetroot and a positive 

control in a young and an old group.  

3.2 Methods 

The participants, interventions, and study design and protocol for this chapter are the 

same as those described in Chapter 2.2. The study day protocol is illustrated in 

Figure 2.1 and involved the consumption of 100g, 200g, and 300g whole beetroot 

and a positive control in the form of potassium nitrate (PN). Two age groups were 

recruited for the direct comparison of physiological effects in a young and an old 

group; participants were aged 18-35 or 60-75 years. Participants followed a two-day 

low-nitrate diet before attending the research facility and were instructed to refrain 

from caffeine intake in these two days also. Participants were asked to avoid the use 

of anti-bacterial mouthwash and gum for the entirety of the study.  

3.2.1 Blood pressure 

Blood pressure and heart rate were measured using an automated pressure cuff 

(Spot Vital Sign Device, Welch Allyn). A cuff was placed on the opposite upper arm 

to the cannula used for blood sampling with the participant in a seated and 

comfortable position. Baseline measurements were taken three times with a one-
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minute interval between each measurement, and one measurement was taken at 

each time point after that i.e. 30, 60, 90, 120, 180, 210, 240, 270, and 300 minutes. 

Measurements were concealed from the participants to ensure that their knowledge 

of their blood pressure readings did not influence later measurements. Time points 

were amalgamated into baseline (0min), early (30-90min), mid (120-210min) and late 

(240-300min) points to better capture changes in blood pressure after 

supplementation and improve graphical presentation of the results across the time 

points. 

3.2.2 Post-occlusive reactive hyperaemia 

A laser Doppler (Moor LDF, Moor Instruments, Axminster, UK) was used to assess 

cutaneous microvascular reactivity, which is based on the ability of the endothelium 

to release NO as a response to proximal arterial occlusion.  After the end of 

occlusion, when the peripheral perfusion is restored, the immediate reduction of 

vascular resistance results in an increase in the blood flow i.e. post-occlusive 

reactive hyperaemia (PORH). This is closely linked to NO release and integrity of 

endothelial function (Carasca et al., 2017). Reactive hyperaemia was chosen for its 

sensitivity to external stimuli and the gold standard, PWV, was deemed unsuitable 

due to the acute nature of the study; FMD was not available to the research team. 

Previous work has shown within-subjects coefficients of variation from 6-11% for 

reactive hyperaemia (Minson and Wong, 2004). The measurement lasted 12 minutes 

and took place with participants lying supine in a 22-24°C temperature-controlled 

room. A pressure cuff was placed on the participants’ upper arm, on the opposite arm 

to the cannula when possible, and a laser Doppler probe was placed on the inner 

forearm of the same arm. A resting measurement lasting five minutes was taken, 

after which the cuff was inflated to 200mmHg to obstruct the blood flow in the 

brachial artery, and remained pressurized for three minutes. The pressure in the cuff 

was then released and the hyperaemic response, measured in perfusion units (PU), 

was recorded using MoorVMS V3.1 software. The measurement continued for a 

further four minutes to allow the blood flow to return to baseline. Participants were 

instructed to keep their arm still during the measurement and tape was used to 

reduce movement of the probe cable. PORH measurements were saved in 

participant folders on a PC and later analysed using the Moor VMS software. The 
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values used for analysis were: resting level (RL), maximum level (ML), time to 

recovery (TR), time to maximum (TM), and PORH index, as outlined in Table 3.1. 

Figure 3.1 illustrates a representation of PORH analysis by the MoorVMS software. 

The laser Doppler was recalibrated twice during the study, as instructed by the 

manufacturer. Researchers have defined a PORH index as the ratio of the post-area 

under the curve (AUC) one minute after the release of the pressure cuff, relative to 

the AUC of a one-minute period of pressure cuff inflation (Yamamoto-Suganuma & 

Aso, 2009). 

 
Table 3.1: Cutaneous microvascular reactivity variables measured at baseline, 
150 minutes and 300 minutes for each intervention. 
 

Variable Definition 

Resting flux (RL; PU) First three minutes of the procedure 

Maximum flux (ML; PU) Maximum level of the graph of the blood flow 

after the release of the cuff at 200mmHg 

Time to recovery (TR; s) First few seconds following release of the cuff 

Time to maximum flux (TM; s) Time taken to reach the peak of the graph of 

hyperaemia 

PORH index (PU) Area under the curve one minute after the 

deflation of the cuff and area under the curve 

one minute before inflation 

 

PU = perfusion units; s = seconds; PORH = post-occlusive reactive hyperaemia.  
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Figure 3.1: Graphical representation of PORH analysis. Taken from MoorVMS 
recording and analysis software, Vascular Monitoring System Software Manual. 

3.2.3 Questionnaires 

Habitual nitrate intake in the days between each visit was monitored using a nitrate 

intake questionnaire, which asked questions on the frequency and volume of 

common high-, medium-, and low-nitrate foods. Answers were put into a prepared 

spreadsheet, which provided an estimate of the total daily nitrate intake. The short 

version of the international physical activity questionnaire (IPAQ) was used to 

monitor physical activity over the seven days prior to each visit and consistency 

throughout the study (Craig et al., 2003). A VAS was created to assess the 

palatability and acceptability of the beetroot given as an intervention, which 

participants completed immediately after the consumption of the beetroot. 

Participants answered questions on taste, texture, volume, aftertaste, smell, and 

visual appeal, giving their answer on a scale of 0 to 10. The scores were totalled for 

each intervention, giving a VAS score out of 60 for acceptability of the beetroot 

doses. These questionnaires can be seen in Appendices D and E. 

3.2.4 Statistical analysis 

All statistical analyses were completed using IBM SPSS (version 24.0). Summary 

data are presented as means ± SD with 95% confidence intervals (CI). Intraclass 

coefficient values (ICC) were used to calculate the reliability of the measurements 

using the multiple baseline values (time 0) obtained at the beginning of each 

supplementation visit. Baseline differences were analysed using independent t tests 



 103 

and changes were analysed using repeated measures analysis of variance (ANOVA) 

with time and intervention as within-subject factors and age as a between-subject 

factor. Where age groups were compared directly, the area under the curve (AUC) 

across the 300-minute period was calculated for each intervention using the 

trapezoid method. Models were checked for sphericity using Mauchly’s test and 

multivariate models were applied if these assumptions were violated. Where 

significances were found and to assess intervention and age specific outputs, post 

hoc tests with Bonferroni adjustment to control for multiples comparisons were run. 

Associations between changes in plasma nitrite and changes in blood pressure were 

analysed using Pearson product-moment correlation coefficient. Statistical 

significance was set at P<0.05.   

3.3 Results 

3.3.1 Baseline characteristics 

24 participants in total completed the crossover trial, with 12 younger adults aged 

27.3±3.8 years and 12 older adults aged 64.3±4.6 years. No adverse events were 

reported and review of the food diaries revealed that participants adhered to the 

dietary restrictions stipulated. Average baseline systolic blood pressure (SBP) was 

115.3±8.4 mmHg and 120.2±12.1 mmHg for the young and old group, respectively. 

These were not significantly different (P=0.27). Average baseline diastolic blood 

pressure (DBP) was 72.6±4.2 mmHg and 76.5±7.0 mmHg for the young and old 

group, respectively (P=0.11). Groups were matched for weight, with an average of 

68.2±8.8kg across the young and old participants. Both groups also had a healthy 

BMI, averaging 23.9±2.5kg/m2 across groups (Table 2.1). 

3.3.2 Systolic blood pressure 

Baseline values were taken at the beginning of each of the four trials, but the ICC 

shows strong, significant correlation (all P<0.001), with values of 0.91 for SBP and 

0.90 for DBP in the young and 0.92 for SBP and 0.90 for DBP in the old. This 

indicates a comparable basal level for all trials for both age groups. At baseline, SBP 

and DBP did not differ between age groups (P>0.05).  
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Changes in systolic blood pressure in the young 
There was a significant effect of time (P<0.001) but no significant difference between 

interventions for SBP (P=0.55), as shown in Figure 3.2. There was no interaction 

between time and intervention (P=0.81). Pairwise comparisons show that SBP at the 

mid and late time points was significantly lower than at baseline (-5.1mmHg; 

P=0.004; 95%CI: -8.6, -1.7 and -5.2mmHg; P=0.008; 95%CI: -9.2, -1.3, respectively) 

across interventions. Peak reduction occurred between four and five hours for all 

interventions combined. Post hoc analyses show that 100g beetroot reduced SBP at 

the mid time point (-6.4mmHg; P=0.05; 95%CI: -12.8, -0.6) compared to baseline and 

PN reduced SBP at the mid (-6.1mmHg, P=0.004; 95%CI: -10.2, -1.9) and late (-

7.3mmHg, P=0.004; 95%CI: -12.4, -2.3) time points compared to baseline. SBP at 

the late time point was also significantly lower than SBP at the early time point 

following PN (-2.5mmHg; P=0.02; 95%CI: -4.6, -0.4). There were no significant 

effects of 200g or 300g beetroot on SBP in the young group. 
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Figure 3.2: Mean (±SEM) baseline, early, mid and late systolic blood pressure 
(SBP) absolute values in the young group following incremental doses of nitrate; 
n = 12. Statistical analysis using a two-factor repeated measures ANOVA 
(intervention x time). BR = whole beetroot, PN = potassium nitrate positive 
control. * denotes significant difference from baseline across nitrate doses. 

 

Changes in systolic blood pressure in the old 
There was no effect of time (P=0.50) or intervention (P=0.31) on SBP in the old 

group (Figure 3.3) but there was an interaction between time and intervention 

(P=0.04). However, further analyses did not reveal any significant differences 

between interventions at baseline, mid, late or end time points. Figure 3.3 illustrates 

that PN was the only trial to cause a reduction in SBP but statistical analysis does not 

identify this as a significant reduction from baseline or compared to the beetroot 

doses.  

 

 * * 
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Figure 3.3: Mean (±SEM) baseline, early, mid and late systolic blood pressure 
(SBP) absolute values in the old group following incremental doses of nitrate; n = 
12. Statistical analysis using a two-factor repeated measures ANOVA 
(intervention x time). BR = whole beetroot, PN = potassium nitrate positive 
control.  

 

AUC for systolic blood pressure in both age groups 
The AUC of SBP is not statistically different between age groups but shows a trend 

(P=0.08). Similarly, there is no statistically significant difference between 

interventions but a noteworthy trend (P=0.07) (Figure 3.4). There is no interaction 

between age and intervention (P=0.43). There was no difference between 

interventions for the young group but AUC was significantly smaller following PN than 

100g beetroot in the old group (-1403, P=0.05; 95%CI: -2810, 3). The young group 

had a significantly smaller AUC than the old only following 100g beetroot (-3111; 

P=0.04; 95%CI: -6138, -83).  
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Figure 3.4: Mean (±SEM) area under the curve (AUC) of systolic blood pressure 
(SBP) values over 300 minutes in both the young and old groups; n = 24 (12 
young and 12 old). Data analysed by mixed model repeated measures ANOVA 
(intervention as within subjects factor and age as between subjects factor). BR = 
whole beetroot, PN = potassium nitrate positive control. * denotes difference 
between age groups following 100g beetroot (P=0.04); † denotes difference 
between interventions in old group (P=0.05).  

3.3.3 Diastolic blood pressure 

Changes in diastolic blood pressure in the young 
There was a significant effect of time (P<0.001) but no effect of intervention (P=0.77) 

on DBP in the young (Figure 3.5). There was no interaction between time and 

intervention (P=0.35). Pairwise comparisons show that DBP was significantly lower at 

the early (-3.9mmHg; P=0.01; 95%CI: -7.2, -0.6), mid (-4.7mmHg; P<0.001; 95%CI: -

7.2, -2.3) and late time points (-4.1mmHg; P=0.004; 95%CI: -6.9, -1.3) than at 

baseline, demonstrating a blood pressure-lowering effect for all interventions 

combined. Peak reduction occurred between two and 3.5 hours post-nitrate ingestion 

across the interventions. Analyses shows that 100g beetroot reduced DBP between 

baseline and mid (-5.0mmHg; P=0.05; 95%CI: -10.0, -0.0) and late (-4.3mmHg; 

P=0.03; 95%CI: -8.1, -0.4). 200g beetroot had no effect on DBP. The consumption of 

* 
 † 



 108 

300g beetroot reduced DBP between baseline and early (-5.1mmHg; P=0.01; 95%CI: 

-9.4, -0.7), mid (-4.3mmHg; P=0.01; 95%CI: -7.9, -0.6) and end (-5.1mmHg; P=0.005; 

95%CI: -8.7, -1.5). PN reduced DBP between the baseline and mid (-6.4mmHg; 

P=0.007; 95%CI: -11.1, -1.7) time points. 

 

 
 
Figure 3.5: Mean (±SEM) baseline, early, mid and late diastolic blood pressure 
(DBP) absolute values in the young group following incremental doses of nitrate; 
n = 12. Statistical analysis using a two-factor repeated measures ANOVA 
(intervention x time). BR = whole beetroot, PN = potassium nitrate positive 
control. * denotes significant difference compared to baseline. 

 

Changes in diastolic blood pressure in the old  
There was an observable trend towards an effect of time (P=0.07) and intervention 

(P=0.07) on DBP in the old group, as shown in Figure 3.6. There was no interaction 

between time and intervention (P=0.18). Pairwise comparisons indicate that PN 

caused a greater reduction in DBP than 100g beetroot (-2.8mmHg; P=0.05; 95%CI: -

5.79, -0.79) but neither the whole beetroot nor PN significantly reduced DBP overall. 

At the mid time point, blood pressure was significantly lower after PN than 100g 

  *  * 
 * 
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beetroot (-4.9mmHg; P=0.007; 95%CI: -8.6, -1.3), demonstrating a dose response in 

the blood pressure-lowering effect. 

  

 
Figure 3.6: Mean (±SEM) baseline, early, mid and late diastolic blood pressure 
(DBP) absolute values in the old group following incremental doses of nitrate; n = 
12. Statistical analysis using two-factor repeated measures ANOVA (intervention 
x time). BR = whole beetroot, PN = potassium nitrate positive control.  

 

AUC for diastolic blood pressure in both age groups 
There was a significant effect of age (P=0.01) but no effect of intervention on DBP 

(P=0.16) (Figure 3.7). There was no interaction between age and intervention 

(P=0.12). Analyses show that there was no significant difference between 

interventions for the young group but the AUC for PN beetroot was significantly 

smaller than for 100g beetroot in the old group (-1130; P=0.002; 95%CI: -1881.39, -

378.62,). The AUC for the young group is significantly smaller than the old group 

following 100g (-2325; P=0.005; 95%CI: -3866, -783) and 200g (-1766; P=0.02; 

95%CI: -3310, -222) and 300g (-1490; P=0.05; 95%CI: -2986, -6), demonstrating a 

greater blood pressure-lowering response following each of the interventions. There 
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is no difference between age groups following PN. This suggests that high dose of 

nitrate is required in the old to elicit the responses to nitrate seen in younger 

participants.  
 

 
Figure 3.7: Mean (±SEM) area under the curve (AUC) over 300 minutes for 
diastolic blood pressure (DBP) in the young and old groups; n = 24 (12 young and 
12 old). Data analysed by mixed model repeated measures ANOVA (intervention 
as within subjects factor and age as between subjects factor).  BR = whole 
beetroot, PN = potassium nitrate positive control. * denotes significant difference 
between age groups. 

3.3.4 Cutaneous microvascular activity 

Resting flux (RL) 
The ICC for baseline RL across trials shows that they were modestly correlated, with 

a value of 0.33 and 0.54 for the young and the old group, respectively. This shows 

that the repeatability of the measurements was overall moderate. There was no 

effect of intervention (P=0.35) or time (P=0.24) on RL in the young group, or an 

interaction effect (P=0.87). Similarly, there was no effect of intervention (P=0.46), 

time (P=0.28) or an interaction effect (P=0.31) on RL in the old group.  

    * 
   * * 
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Time to maximum flux (TM)  
There was no effect of intervention (P=0.37) or time (P=0.56) on TM in the young 

group, or an interaction effect (P=0.23). Similarly, there was no effect of intervention 

(P=0.58) or time (P=0.85), or an interaction effect (P=0.36) in the old group. 

Time to resting flux (TR) 
There was no effect of intervention (P=0.76) or time (P=0.72) or an interaction effect 

(P=0.19) on TR in the young group. There was also no effect of intervention 

(P=0.15), time (P=0.74) or an interaction effect (P=0.45) in the old group. 

Maximum flux (ML) 
There was no effect of intervention on ML in the young (P=0.55) but a significant 

effect of time (P=0.05). There was no interaction effect of intervention and time 

(P=0.55). Pairwise comparisons reveal that MF at 300 minutes was significantly 

higher than at 150 minutes (+19.1PU; P=0.02, 95%CI: 3.55, 34.59) for all 

interventions combined. This can be seen in Figure 3.8. There was no effect of 

intervention (P=0.17) or time (P=0.16) on MF in the old group, or an interaction 

between intervention and time (P=0.54) (Figure 3.9). 
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Figure 3.8: Mean (±SEM) maximum flux measured by cutaneous microvascular 
activity in the young group; n = 12. Statistical analysis using two-factor repeated 
measures ANOVA (intervention x time). BR = whole beetroot, PN = potassium 
nitrate positive control. * denotes significant difference compared to baseline. 
 

  * 
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Figure 3.9: Mean (±SEM) maximum flux measured by cutaneous microvascular 
activity in the old group; n = 12. Statistical analysis using two-factor repeated 
measures ANOVA (intervention x time). BR = whole beetroot, PN = potassium 
nitrate positive control.  

 

Post-occlusive reactive hyperaemia (PORH)  
PORH was significantly lower in the older group than the younger group across each 

intervention and time period (P=0.02). Values were 3.53PU and 3.04PU for young 

and old, respectively. There was no effect of intervention (P=0.53) or time (P=0.93) 

on PORH in the young group, or an interaction between intervention and time 

(P=0.67). There was a noteworthy trend towards an effect of intervention on PORH in 

the old group (P=0.06) but no effect of time (P=0.32). There was no interaction 

between intervention and time (P=0.32). Pairwise comparisons show that PORH was 

significantly higher following 200g beetroot than 300g beetroot (+1.4PU; P=0.04, 

95%CI: 0.07, 2.73) but values fluctuated over the time period (Table 3.2). 
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Table 3.2A: Vascular function variables in the young group; n = 12. 
 

 
 
 
 
 
 
 
 
 

 
Table 3.2B: Vascular function variables in the old group; n = 12. 

 
 
 
 
 
 
 
 
 
 

 
BR = whole beetroot, PN = potassium nitrate positive control, RF = resting flux, MF = maximal flux, PORH = post-occlusive 
reactive hyperaemia, TR = time to resting, TM = time to maximum. P values denote changes over the 300-minute period for all 
intervention combined. 
 

Variable 100g BR 200g BR 300g BR 1000mg PN  

Minutes 0 150 300 0 150 300 0 150 300 0 150 300 P  

RF 12.44 12.75 13.58 14.18 14.07 13.48 14.84 14.06 15.50 12.87 13.81 15.83 0.24 

MF 104.20 100.97 114.55 105.19 108.01 107.56 103.34 101.48 119.28 102.79 104.93 109.29 0.05 

PORH 3.72 3.78 3.65 3.50 3.63 3.59 3.10 3.05 3.61 3.84 3.78 3.06 0.93 

TR 0.65 0.94 1.14 0.78 0.90 0.87 1.24 0.79 0.98 0.67 2.01 2.28 0.72 

TM 10.44 10.58 10.75 9.55 12.02 10.19 11.70 9.94 11.44 12.17 11.61 14.57 0.56 

Variable 100g BR 200g BR 300g BR 1000mg PN  

Minutes 0 150 300 0 150 300 0 150 300 0 150 300 P 

RF 18.17 14.77 11.94 17.28 14.43 13.35 17.22 16.55 13.39 19.63 16.03 12.47 0.28 

MF 124.88 75.58 83.57 119.31 114.45 118.78 108.79 104.80 92.09 132.15 100.57 96.81 0.16 

PORH 3.52 2.19 2.86 3.54 3.47 3.62 2.90 2.64 2.95 2.92 3.00 2.86 0.32 

TR 0.78 0.65 0.45 0.65 0.80 0.73 0.90 0.61 1.56 0.87 0.76 0.79 0.74 

TM 9.74 13.08 12.99 8.90 16.00 12.13 10.24 10.05 10.60 9.53 16.92 11.14 0.85 
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3.3.5 Correlation between plasma biomarkers and blood pressure 

A Pearson product-moment correlation coefficient was calculated to assess the 

relationship between changes in plasma nitrate and nitrite levels reported in Chapter 

2 and changes in blood pressure. Across both age groups, there was no correlation 

between change in plasma nitrate levels and change in SBP over the 300-minute 

period (r=-0.17; n=288; P=0.003). There was no correlation between changes in 

plasma nitrate levels and changes in DBP over time (r=-0.11; n=288; P=0.06). In the 

young group, changes in plasma nitrate were not correlated with changes in SBP 

(r=0.06; n=144; P=0.45) or changes in DBP (r=0.02; n=144; P=0.79). In the old 

group, however, there was a small negative correlation between changes in plasma 

nitrate levels and SBP (r=-0.35; n=144; P<0.001). There was also a small negative 

correlation between changes in plasma nitrate levels and changes in DBP (r=-0.21; 

n=144; P=0.01).  

 

Across both age groups, there was a small negative correlation between change in 

plasma nitrite levels and change in SBP over the 300-minute period (r=-0.28; n=288; 

P<0.001). There was also a small correlation between change in DBP and changes 

in plasma nitrite levels over 300 minutes (r=-0.26; n=288; P<0.001). These are 

summarised in Figures 3.10A and B. 

Figure 3.10: Changes in plasma nitrite levels compared to changes in systolic 
blood pressure (A) and diastolic blood pressure (B) across both age groups. 
Statistical analysis by Pearson’s correlation coefficient. 
 

 A 
 

 B 

  P<0.001   P<0.001 
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Taking each age group separately, the Pearson correlation coefficient shown that 

there was a small negative relationship between changes in plasma nitrite and 

changes in SBP (r=-0.27; n=144; P=0.001) and DBP (r=-0.27; n=144; P=0.001) in the 

young group (Figures 3.11A and B). 
 

Figure 3.11: Changes in plasma nitrite levels compared to changes in systolic 
blood pressure (A) and diastolic blood pressure (B) in the young group. 
Statistical analysis by Pearson’s correlation coefficient. 
 

In the old group, there was also a small negative correlation between changes in 

plasma nitrite and changes in SBP (r=-0.30; n=144; P<0.001) and DBP (r=-0.25; 

n=144; P=0.002) (Figures 3.12A and B)  

 

Figure 3.12: Changes in plasma nitrite levels compared to changes in systolic 
blood pressure (A) and diastolic blood pressure (B) in the old group. Statistical 
analysis by Pearson’s correlation coefficient. 

3.3.6 Questionnaires 

Results from the seven-day nitrate intake questionnaire indicate that participants, on 

average, consumed 223mg/day in the young group and 252mg/day in the old group 

 B  A 

 B  A 

  P=0.001   P=0.001 

  P<0.001   P=0.002 
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(P=0.59 between age groups). Across both groups, the average intake relative to 

body weight (BW) was 3.6±2.0mg nitrate/kg BW/day. This value is very close to the 

ADI of 3.7mg/kg BW/day, demonstrating that participants maintained the 

recommended nitrate intake across the four-week study period. 

 

The IPAQ results show that participants were very active and maintained activity 

levels for the duration of the study. Average activity levels were 3839 MET-min/week, 

which is significantly higher than the recommended 500 MET-min/week (Kaminsky & 

Montoye, 2014). This may have been skewed by a number of highly active 

individuals who took part in the study. Average IPAQ values across the four trials 

ranged from 1545 to 8405MET-min/week in the young group and from 682 to 

7911MET-min/week in the old group. Activity levels were significantly higher in the 

younger group than the older group (+804MET-min/week; P=0.02).  

3.3.7 Acceptability of interventions 

Visual analogue scale (VAS) scores reflect participants’ preference to the dose of 

beetroot given and therefore the acceptability of the supplementation. There was a 

significant effect of intervention on VAS scores (P<0.001) and a significant effect of 

age group (P=0.05), but no interaction between intervention and age (P=0.30) 

(Figure 3.13). Pairwise comparisons show that the old group scored the interventions 

higher than the young group (+8.9; P=0.04; 95%CI: 0.2, 17.6). 300g scored 

significantly lower than 100g beetroot (-7.3; P<0.001; 95%CI: 4.1, 10.4) and 200g 

beetroot (-4.6; P<0.001; 95%CI: 2.1, 7.1), and although not statistically significant 

there was a trend towards higher scores for 200g than 300g beetroot (+2.7; P=0.08; -

0.3, 5.6). 
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Figure 3.13: Mean (±SEM) visual analogue scale (VAS) scores out of 60 for each 
beetroot dose in the young and old groups; n = 24. Data analysed using a mixed 
model repeated measures ANOVA (intervention as within-subjects factor and age 
as between-subjects factor). BR = beetroot. * denotes significant difference 
between interventions across both age groups. 
 

3.4 Discussion 

3.4.1 Summary of findings 

Results from this study reaffirm the suggestion of age-related differences in the 

effects of dietary nitrate. The main findings were: 1) a small dose of beetroot reduced 

SBP by 6.4mmHg during the five-hour period in young adults; 2) despite receiving 

the same doses over the time period, there was no effect of whole beetroot on blood 

pressure in the old group; 3) higher doses of nitrate in the form of PN had a blood-

pressure lowering effect on the old group; 4) older adults are more tolerant of larger 

doses of beetroot and up to 200g beetroot is a suitable amount for supplementation 

in an acute dosage setting. Together these data suggest that whole beetroot can 

have positive acute effects on the vascular system but larger doses of nitrate are 

required to elicit beneficial effects in older adults. However, larger doses of nitrate in 

 * 
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the form of whole beetroot are well tolerated by older adults, which may result in 

good compliance rates with the application of this vegetable in future research. 

3.4.2 The effect of beetroot on blood pressure 

A recent systematic review reiterated the positive effect of acute nitrate intake on 

blood pressure, highlighting a reduction in SBP by 4.8mmHg and DBP by 1.7mmHg 

(Jackson et al., 2018). To date, 248mg nitrate has been deemed the lowest amount 

found to have beneficial effects on a healthy blood pressure (Kapil et al., 2010). In 

this study, SBP and DBP both fell by 2mmHg in participants ~25 years of age, 

following the consumption of potassium nitrate capsules. Kapil et al. (2010) also 

describe a dose-response to increasing amounts of nitrate and found that 341mg 

nitrate provided in the form of beetroot juice reduced SBP by 5mmHg, with no effect 

on DBP. Similarly, Webb et al. (2008) found that 1395mg nitrate in the form of 

beetroot juice reduced SBP by 10mmHg in participants aged 25 years and DBP was 

reduced by 8mmHg. Peak blood pressure reduction was seen between one and 

three hours post-nitrate ingestion in both studies. In the present study, 100g beetroot, 

providing ~272mg nitrate, reduced SBP by 6.4mmHg and DBP by 5.0mmHg between 

two and three and a half hours in the young group, which is a larger reduction than 

seen by Kapil et al. (2010) with a similar dose of nitrate. This also corresponds to the 

peak plasma nitrate levels seen between two and three hours post-ingestion of 

beetroot. The larger dose of nitrate provided by 300g of beetroot reduced DBP to the 

same extent as the smaller dose but 1000mg of nitrate elicited the largest reduction 

in DBP by 6.4mmHg between two and 3.5 hours post-ingestion. 1000mg also 

reduced SBP by 7.3mmHg between four and five hours, which corresponds with the 

peak plasma nitrite level. It is evident from this that there is a dose response and that 

whole beetroot is effective at reducing blood pressure in young, healthy adults. In an 

older population, however, beetroot or PN supplementation did not result in a 

significant reduction in either SBP or DBP. There was a trend towards an effect of 

nitrate on DBP in the old group and, although not significant, PN was found to cause 

a reduction in DBP by 4.9mmHg between two and 3.5 hours. It may be the case that 

the sample size here was too small to detect significant differences in the old group 

due to individual variations. 
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This is consistent with results seen in the literature, in which the effects of dietary 

nitrate, predominantly from beetroot juice, are irregular in an older population (Table 

1.2). In a healthy cohort, 595mg nitrate from beetroot juice was enough to reduce 

both SBP and DBP in adults aged on average 64 years (Kelly et al., 2013) but there 

was no effect on blood pressure in adults aged on average 73 years following a 

similar dose of nitrate (Miller et al., 2012). Gilchrist et al. (2014) found no effect of 

beetroot juice on blood pressure in participants with Type 2 diabetes and Bondonno 

et al. (2015) similarly found no effect of the juice on blood pressure in older adults 

with high blood pressure and taking anti-hypertensive medication. Conversely, 

Kenjale et al. (2011) described a reduction in DBP following beetroot juice in 

participants with peripheral arterial disease (PAD). The difference in results may 

simply be due to the dose, as Kenjale et al. (2011) provided 1116mg nitrate, which is 

more than double that given by Gilchrist and Bondonno. However, patients with Type 

2 diabetes have been found to generate less NO from L-arginine than healthy 

individuals, which may result in a reduced response to a nitrate load (Avogaro et al., 

2003). Work by Shepherd et al. (2015) found no effect of beetroot juice on blood 

pressure in patients with COPD despite rises in plasma nitrate following consumption 

of the nitrate load. It can be speculated that beneficial effects of beetroot juice on 

blood pressure are blunted in volunteers with chronic conditions such a COPD and 

diabetes, potentially due to elevated oxidative stress increasing the scavenging of 

NO (Shepherd et al., 2015). A high concentration of free radicals such as superoxide 

can increase the breakdown of NO and thus reduce its effectiveness (Taddei et al., 

2001). 

 

Furthermore, the study by Kelly et al. (2013) was the only one with a cohort with a 

healthy BMI, while the other cohorts were overweight or obese. The negative effects 

of a high BMI, such as low-grade inflammation, may therefore be blunting the positive 

effects of dietary nitrate, especially in an older population in which low-grade 

inflammation may already be extant. Participants in the present study were both a 

normal weight and overweight, with BMIs below 29.9kg/m2. This could have 

produced in inconsistent result in blood pressure lowering. 

 

Three weeks of supplementation with beetroot juice led to a progressive decline in 

daily SBP in older obese adults (Jajja et al., 2014), who were given ~165mg 
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nitrate/day in concentrated beetroot juice for 21 days. The more prolonged 

intervention period here may account for the positive effects of the beetroot juice 

despite participants receiving a smaller dose than that provided by other researchers. 

The longer-term supplementation with nitrate- and antioxidant-rich beetroot here may 

have reduced the negative effects of oxidative stress and inflammation associated 

with ageing and obesity and allowed the bioactive nitrate to induce blood pressure 

reduction through NO. Additive effects of nitrate and/or nitrite may have also 

heightened this over the more prolonged time period but little is known about the 

relevance of this. 

 

The present study contributes to the data on sources of dietary nitrate and their 

effects on blood pressure and demonstrates that the consumption of whole beetroot, 

in doses akin to a vegetable portion of 80g, can acutely reduce blood pressure in 

young individuals. It demonstrates that beetroot in forms other than juice can be used 

as effective supplements or additions to the diet. These same benefits do not 

translate to an older population, although large quantities of nitrate reduce the 

difference in blood pressure seen between young and old participants. Longer-term 

studies are required to further examine whether the effect of dietary nitrate on blood 

pressure is solely due to the immediate dose or whether there are benefits that 

accumulate over a more prolonged period. This is particularly relevant for an ageing 

population in which the acute blood pressure-lowering effects appear to be 

dampened. 

3.4.3 Correlations between plasma nitrate and nitrite and blood pressure 

In 2010 and 2018, Kapil et al. described a correlation between plasma nitrite but not 

nitrate and blood pressure following supplementation with 1488mg and 496mg 

potassium nitrate. Peak blood pressure reductions have also been associated with 

higher plasma cGMP levels around three hours following nitrate ingestion (Kapil et 

al., 2015). This demonstrates increased NO availability following the nitrate load, 

which works to increase cGMP levels and subsequently dilate blood vessels (Snyder, 

1992). Baseline plasma nitrite levels are also thought to be an accurate reflection of 

endogenous NO generation via L-arginine (Lauer et al., 2001). In the present study, 

there was no correlation between plasma nitrate levels and blood pressure in the 
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young group but both SBP and DBP reductions were modestly correlated with higher 

plasma nitrate levels in the old group. Although not found to be statistically 

significant, plasma nitrate levels were observed to be higher in the old group than 

young group, which might explain the correlation with blood pressure and these 

higher levels. However, peak plasma nitrate levels were found between two and 

three hours in the old group but blood pressure was not significantly lower than 

baseline at this time. There was large inter-individual variation in blood pressure due 

to the small sample size, which may have influenced the correlation between NO 

metabolites and blood pressure. As discussed in Chapter 2, the association between 

nitrite and blood pressure has been elegantly demonstrated through the blocking of 

the nitrate-nitrite conversion by anti-bacterial mouthwash or spitting (Webb et al., 

2008), therefore more research is warranted in this area. It has been proposed that 

nitrite is involved in “setting” basal blood pressure (Kapil et al., 2018), thus larger 

studies on older adults may further elucidate the correlation between plasma nitrite 

levels following beetroot consumption and consequent effects on blood pressure.  

3.4.4 The effects of beetroot on vascular function 

The expected observation of a lower baseline PORH value for the old compared to 

the young reiterates the deterioration in vascular function into older age. PORH is a 

sensitive marker of vascular function and lower values are associated with higher risk 

of CVD. Nitrate ingestion in the present study was found to have no notable influence 

on PORH in the young or the old groups but the variability in measurements between 

and within participants may have negated any positive effects. Kapil et al. (2015) saw 

no change in PORH following four weeks of daily consumption of beetroot juice 

containing 397mg in hypertensive older adults but demonstrated improvements in AIx 

and PWV over this time. However, de Oliveira et al. (2016) found reactive 

hyperaemia (RH) to be increased following a single bolus of 756mg from beetroot gel 

in older adults with cardiovascular risk factors. A recent systematic review identified 

that inorganic nitrate significantly reduced arterial stiffness, evident through a 

reduction in AIx and PWV (Jackson et al., 2018). It may be that these markers are 

more sensitive to the effects of nitrate consumption and can provide a more accurate 

measure of vascular function. Indeed, Kapil et al. (2015) and Rammos et al. (2014) 

demonstrated a reduction in both AIx and PWV following four weeks intervention with 
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nitrate in the form of beetroot juice or sodium nitrate. These interventions may be of 

most benefit to those with CVD risk factors or elicit benefits due to their prolonged 

supplementation period, as Hughes et al. (2016) and Oggioni et al. (2018) found no 

effect of shorter-term consumption of dietary nitrate on AIx in healthy older adults.  

 

Maximum flux was the only marker of microvascular function to be positively 

influenced by nitrate ingestion and this occurred in the young but not the old group. 

Ingestion of nitrate had no impact on resting flux, time to maximum or time to resting. 

No studies around nitrate ingestion have described the impact on these markers, so 

comparisons cannot be drawn at this time. The effect of nitrate intake on maximum 

flux in the young but not the old group may be reflected in the higher levels of plasma 

nitrite shown in the younger group, which provide evidence for increased NO 

production in this young group. The plasma nitrite levels seen in the old group may 

not have been elevated to the point in which to elicit physiological benefits to the 

vascular system. This has been also been shown to be true for blood pressure, with 

nitrate ingestion having a reduced impact on blood pressure in the old group 

compared to the young.  

3.4.5 The acceptability of whole beetroot as a supplement to the diet 

The VAS results on the acceptability of the beetroot intervention provide information 

about participants’ preferences and attitudes towards the consumption of whole 

beetroot. Overall, the old group rated the beetroot higher than the young group, 

scoring it ~9 points higher out of 60 on the VAS. This could be due to familiarity and 

increased exposure to beetroot in older adults. 300g beetroot, which was used to 

provide a high dose of dietary nitrate, received the lowest VAS score, and this was 

also reflected in three participants’ aversion to the consumption of the large dose. 

100g and 200g beetroot received comparable scores; therefore these doses are 

deemed acceptable in an acute intervention study and elicited high compliance. 

There is no data on the compliance and tolerability of beetroot consumption over a 

more prolonged period of time but these results provide an insight into the 

acceptance of beetroot as an intervention food. 
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3.4.6 Strengths and limitations 

This study investigated, for the first time, the effects of whole beetroot consumption 

on blood pressure and vascular function, making a direct comparison between young 

and old participants provided with the same dose. As with Chapter 2, the dietary 

restrictions and seven-day washout period between trials ensured no carry-on effect 

of nitrate-rich foods consumed before testing. The screening process also identified 

and excluded those on blood-pressure medication and with a high blood pressure, 

which may have confounded the effects of the interventions.  

  

Blood pressure was assessed in clinic, which is the most commonly used method but 

may introduce measurement bias due to white-coat syndrome (Bloomfield & Park, 

2017), operator bias and protocol variations. These were minimised by a single 

operator conducting the blood pressure measurement according to the written 

protocol, using standardised clinical equipment and concealing blood pressure 

readings from participants. Raubenheimer et al. (2017) note that circadian rhythms 

can affect blood pressure, which was minimised in the present study by participants 

attending the research facility at least one hour after waking and with all trials 

beginning around the same time, between 8am and 9am. 

 

This study did not employ PWV or FMD to measure vascular function, which are 

considered the gold standards for measurement. However, RH is considered a 

sensitive marker of vascular function in healthy participants and responds to a given 

stimulus, making this a valuable tool in assessing microvascular activity. There was 

large variation in baseline measurements of RH markers, so it is likely that a larger 

sample size is required to reduce the noise associated with the readings and to 

detect a significant effect size.  

3.5 Conclusions 

Small, practical amounts of beetroot have a positive effect on blood pressure in 

young participants but larger doses are required to elicit comparable effects in an 

older population. This suggests mechanistic differences in the production of NO from 

dietary nitrate in young and old participants. Furthermore, whole beetroot, in amounts 

up to 200g, is a suitable supplement for dietary intervention and is well accepted in 
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acute settings. This data may be used to inform dietary nitrate dosages for longer-

term intervention studies on beetroot, during which the complex of nutrients in the 

whole vegetable may elicit synergistic and additive effects not evident in acute trials.  
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Chapter 4. Physiological effects of prolonged beetroot ingestion in 
older adults 

4.1 Introduction 

Beetroot consumption, most often in juice form, has been found to elicit a range of 

positive effects on the human body, including blood pressure reduction (Siervo et al., 

2013), increased blood flow (Lara et al., 2016) and improvements in cognitive 

performance (Wightman et al., 2015). These effects have been attributed to the 

ingestion of dietary nitrate and the subsequent increase in nitric oxide (NO) 

production throughout the body following the stepwise breakdown of this nitrate. 

Increased NO levels have also been found to acutely improve muscle strength and 

endurance in young adults (Bailey et al., 2010; Lansley et al., 2011) but there is little 

known about the impact of prolonged consumption of dietary nitrate on NO levels and 

on physiological outcomes in other demographics such as older adults. Remaining 

healthy and active into older age is important for maintaining muscle mass, functional 

capacity and cognitive performance (Everard et al., 2000; Hairi et al., 2010), 

therefore supplementing or increasing the consumption of foods rich in nitrate may 

potentially improve activities of daily living (ADL) and quality of life in older adults 

(Gault & Willems, 2013).    

 

Pre-clinical data has demonstrated that consuming sodium nitrite for eight weeks 

improves functional capacity, including grip strength and open-field distance covered 

(Justice et al., 2015). Human data has also supported the use of longer-term sodium 

nitrate supplementation as a potential therapy for risk factors of CVD e.g. arterial 

stiffness and for improving cognitive function (DeVan et al., 2016; Justice et al., 

2015). These studies highlight the potential longer-term benefits of nitrite, which can 

be produced in the oral cavity following the consumption of dietary nitrate. There are 

concerns, however, over the consumption of nitrite and the conversion to 

carcinogenic compounds in the body, so more natural sources of nitrate and nitrite, 

such as beetroot, may be more acceptable in long-term intervention studies. 

 

Beetroot juice has been shown to lower systolic (SBP) and diastolic (DBP) blood 

pressure in hypertensive older adults (Kapil et al., 2015) and improve vascular 
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function (Velmurugan et al., 2016). The improvements in vascular function were 

closely correlated with the oral microbiome, with increases in nitrate-reducing 

bacteria, Rothia Mucilaginosa and Neisseria Flavescens. Research suggests 

similarities between the oral and gut microbiome (Kodukula et al., 2017), which 

together form the majority of the human microbiome. The oral microbiome is 

generally considered stable in healthy adults (Hall et al., 2017) but gut microbiota are 

heavily influenced by dietary intake.  

 

Research into the gut microbiome has demonstrated the symbiotic relationship 

between the host and the microbes that reside within the GI tract, where they have 

been shown to be involved in immunity, inflammation and digestion (van der Beek et 

al., 2017; Belkaid & Hand, 2014). The gut microbiome is therefore a significant 

contributor to health and has been implicated in obesity, diabetes and CVD (Korpela 

et al., 2014; Tilg & Moschen, 2014; Tuohy et al., 2014). Some of the main drivers of 

changes to the gut microbiome are age, genetics and dietary intake (Wu et al., 2011). 

For example, older age is associated with a reduction in bacterial diversity, which can 

contribute to co-morbidities and poor quality of life (O’Toole & Claesson, 2010). In 

addition, the production of key metabolites such as short-chain fatty acids (SCFAs), 

which have been shown to have beneficial effects on the gut and in cardiovascular 

health (Marques, 2016), has been found to be reduced in older populations (Biagi et 

al., 2017). The effect of dietary fibre has been studied in dietary interventions and gut 

microbiome studies, and has been found to be beneficial in the risk of CVD and some 

cancers (Dahl et al., 2017). However, supplementation with whole beetroot, which 

may also offer benefits such as anti-inflammatory action (Noble et al., 2017), 

increased mucosal blood flow and mucus thickness (Björne et al., 2004), and 

increased species richness and diversity (Vandeputte et al., 2016), is not well 

understood in human trials, specifically in older adults.  

 

Therefore, this study investigates longer-term beetroot consumption and its effects 

on functional capacity, blood pressure and gut health in older adults. It was 

hypothesised that regular consumption of whole beetroot over an eight-week period 

would have a positive impact on functional capacity, blood pressure, SCFA 

production and gut microbiotal composition. To this end, participants consumed 

whole cooked beetroot and/or a control food consistently over an eight-week period 
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and attended the research facility on three occasions to assess physiological 

changes over this period. 

4.2 Methods 

4.2.1 Participants 

Participants were recruited through Voice, a research participant database, the 

Newcastle Upon Tyne Hospitals intranet, poster dispersion and adverts in the local 

papers from January 2018 to April 2018. Each volunteer was given a participant 

information sheet and screened over the phone prior to attending the research 

facility. Participants provided informed written consent before beginning the study. 

The study was approved by the Newcastle university ethical committee (Appendix 

G). Recruited participants had a BMI below 30kg/m2, were both male and female and 

were aged between 60 and 80 years. The total participant group consisted 14 males 

and 22 females. 

4.2.2 Exclusion criteria 

This study was based on healthy participants i.e. those with a BMI below 30kg/m2 

and free of chronic illness. Excluded medications included: beta-blockers, antacids, 

anticoagulants, nitrate-derived agents, anti-cholinergics, anti-hypertensives (Ca2+ 

channel blockers, ACE inhibitors), aspirin and diuretics. Each of these medications 

can have an effect on NO production via various mechanisms. The use of antibiotics 

in the past month was excluded due to the negative effect on the gut bacteria. 

Participants were excluded if they were vegetarian, as research points towards a 

higher habitual nitrate intake (Mitek et al., 2013), or consumed excessive volumes of 

alcohol (classed as above 30 units/week). Other exclusion criteria included smoking, 

history of repetitive gastric reflux and an intolerance or allergy to the intervention 

foods.  

4.2.3 Study design and randomisation 

This study was a two-arm, parallel, open-label intervention trial that took place at the 

research facility NU-Food, Newcastle University. Randomisation was generated 

online using www.randomization.com, where the two treatments, beetroot and 

http://www.randomization.com/
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control, were allocated treatment codes by an independent third party. Participants 

were then assigned a code following screening. 

4.2.4 Study protocol 

Eligible volunteers were invited to attend NU-Food for a training visit, where height, 

weight and blood pressure were measured. Informed written consent was received at 

this visit and participants were then booked in for their baseline visit four to seven 

days following training. Participants were asked to fast for two hours prior to their 

baseline and subsequent visits and to refrain from caffeine intake in this period. 

Those opting to provide stool samples for the assessment of gut health were given a 

collection kit and instructions to take home and asked to collect a sample in the three 

days prior to their visit. 

 

Participants attended a baseline, mid-way, and end of study testing visit, each lasting 

up to one hour and 15 minutes. The visit started with the completion of a caffeine 

intake tool for the 24-hour period before their visit. Following this, blood pressure, 

body composition, grip strength, lung function and timed up and go were measured 

using standard protocols. A blood sample was taken from the antecubital fossa by a 

trained phlebotomist and a urine sample was deposited into a sample pot. 

Participants then completed a 24-hour recall with the researcher and a physical 

activity questionnaire as instructed. Each participant was provided with his or her 

intervention foods at the end of the visit and sample collection kits as required. An 

intervention foods calendar was created for ease with contact details should there be 

any problems. Midway and end of study visits were conducted during weeks five and 

nine, respectively. This can be seen in Figure 4.1. 
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Figure 4.1: Study 2 protocol. Variables measured during study visits: blood 
pressure, functional capacity and cognitive function.  

4.2.5 Interventions 

Participants were randomised to consume either 150g of whole cooked beetroot plus 

one medium-sized banana every second day, or one medium-sized banana every 

second day. Beetroot was provided for the entirety of the study in pre-cooked 

vacuum packed portions of 250g provided by G’s Fresh Ltd, Cambridgeshire. 

Bananas were provided on a per-participant basis and purchased at home in 

between study visits. Participants consumed the intervention foods at home during 

the eight-week period and were given instructions on the consumption and storage of 

the beetroot. As the beetroot was already cooked, participants were instructed not to 

cook the beetroot further or combine into meals that would be consumed by other 

people. Examples and recipes were provided to aid in appropriate consumption of 

the beetroot. Participants were instructed to maintain their normal diet, consuming 

the foods on top as “supplements”; the beetroot could be consumed at any time of 

the day. This has been utilised before to maximise the external validity of the 

outcomes (Coles & Clifton, 2012; Shannon et al., 2016). The beetroot provided was 
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found to contain 390mg nitrate per 100g cooked weight. Therefore, participants 

consumed ~585mg nitrate every second day for eight weeks. Due to the difficulty in 

providing a control diet, it was deemed appropriate for both the intervention group 

and the control group to consume the control food. This resulted in a comparable 

background diet with beetroot consumption as an addition. Bananas were chosen as 

the control food because of their low nitrate content, similar fibre content and 

standardisation due to the lack of varieties available to purchase (Table 4.1). 

According to Public Health England’s Composition of Foods, dietary fibre “is present 

in significant quantities but there is no reliable information on the amount” in beetroot; 

packet information from the beetroot suppliers was therefore used. Compliance to the 

interventions was self-reported and participants provided receipts for the purchase of 

the control food in order to claim expenses.  
 

Table 4.1: Nutrient composition of intervention foods.  
 
 Beetroot/100g Banana/100g 

Energy (kcal) 46 81 

Carbohydrate (g) 9.5 20.3 

Protein (g) 2.3 1.2 

Fat (g) 0.1 0.1 

Sugar (g) 8.8 14.4 

Fibre (g) 2.3 1.4 

Nitrate (mg) 390 5 

 
Data from the McCance and Widdowson’s Composition of Foods Integrated 
Dataset (Public Health England, 2015).  
 

4.2.6 Blood pressure 

Blood pressure was measured in triplicate at each visit using an automated device 

(OMRON M2). Participants were seated and the pressure cuff was placed on the 

upper arm. The arm was then placed in a comfortable and relaxed position and one-

minute rest was given between measurements. Measurements were hidden from the 

participants so that their knowledge of their blood pressure reading did not influence 

future measurements. 
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4.2.7 Hand-grip strength 

Hand-grip strength is used as an indicator of frailty in older adults, as it predicts 

increased risk of disability and functional limitations (Norman et al., 2011; Syddall et 

al., 2003). It is used as a simple and non-invasive marker of muscle strength in the 

upper extremities. Grip strength was measured using a handheld digital 

dynamometer (Takei 5401). Participants began with their dominant hand and grip 

strength in each hand was measured in duplicate. Participants remained standing 

and with their hands by their side for the assessment. Values for each hand were 

averaged and measured in kilograms (kg). Coldham, Lewis and Lee (2006) noted 

that one maximal trial is as reliable as, and less painful than, either the best of or 

mean of three. With an older population suffering from arthritis and other conditions, 

measurement of two maximal trials per hand was chosen. The most important aspect 

is that the same design and instrument is employed for each measurement 

(Mathiowetz, 1984).  

4.2.8 Spirometry 

Lung function was assessed using a portable, handheld spirometer at each visit 

(Vitalograph Micro Handheld Spirometer, UK). Spirometry is a quick and simple way 

to measure lung volume against time (Ranu et al., 2011). Participants were sitting 

upright and in a comfortable position, with both feet on the floor and legs uncrossed. 

Participants were guided through the technique and a disposable, single-use 

mouthpiece was used for each participant. Tidal (normal) breaths were taken first, 

and then participants took a deep breath in before breathing out as hard and as fast 

as possible, until they had emptied their lungs. Forced expiratory volume in one 

second (FEV1) and forced vital capacity (FVC) were measured in triplicate. The 

protocol used was that devised by Moore (2012). The ratio of the two volumes was 

then calculated using the equation:  

FEV1/FVC 

4.2.9 Timed-up-and-go 

The timed up-and-go (TUG) test assesses agility and dynamic balance, and this test 

was performed at each visit using a standardised protocol described by Barry et al. 

(2014). Participants were instructed to rise from a chair, walk three metres to a 
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marker at a comfortable pace, turn around, walk back to the chair and sit down. Each 

participant walked through the test once without being timed to become familiar with 

the task. A stopwatch was used to time the second trial, stopping when the 

participant sat back down on the chair. TUG test times have been found to increase 

with increasing age (Bohannon, 2006), and normative reference values for the test 

are 8.1s for those aged 60-69 years and 9.2s for those aged 70-79 years (Bohannon, 

2006). 

4.2.10 Questionnaires 

Participants were asked to complete a stool frequency questionnaire in the three 

days prior to each of their visits. This questionnaire involved the use of the Bristol 

Stool Chart to identify the type of stool and the frequency of bowel movements during 

those days. During each of the visits, participants completed a 24-hour dietary recall 

with the researcher, to report their nitrate and dietary fibre intake the day before 

testing. Nitrate intake was then analysed using a nitrate specific database developed 

by researchers at the University of Queensland, Australia. Fibre intake was analysed 

using the McCance and Widdowson Composition of Foods Integrated Dataset. The 

short version of the IPAQ was using to monitor physical activity over the seven days 

prior to each visit and consistency throughout the study. 

4.2.11 Blood sampling, processing and analysis 

15ml of blood was collected at baseline and at the end of study visit, in three 

vacutainers: one lithium heparin, one serum gel and one EDTA. The lithium heparin 

and EDTA samples were processed within 30 minutes, while the serum gel was 

given at least 30 minutes to clot before processing. The samples were spun at 

3000rpm for 10 minutes, aliquoted and frozen at -80°C for future analysis. Samples 

were prepared for analysis in the same way as in Chapter 2, using cold ethanol 

precipitation. Plasma nitrate was then analysed by ozone-based chemiluminescence, 

as described in Chapter 2. In order to measure the prolonged effects of beetroot 

ingestion rather than the acute effects, blood samples were taken at least 12 hours 

after the last beetroot dose was consumed.  
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4.2.12 Urine sampling 

Spot urine samples were taken at each visit for the analysis of nitrate. Participants 

deposited a urine sample in a designated bottle and aliquots were drawn and frozen 

immediately at -20°C. Before analysis, urine samples were defrosted and diluted to 

1:100 in deionized water (DH2O). As described in Chapter 2, urinary nitrate was 

analysed using ozone-based chemiluminescence by the Sievers gas-phase 

chemiluminescence nitric oxide analyser (NOA). Human Tissues Act (HTA) training 

was completed by the researcher and samples were stored in an HTA licenced 

freezer and laboratory. 

4.2.13 Stool sample, processing and analysis 

17 participants collected stool samples throughout the study; eight from the 

intervention group and nine from the control group. One stool sample was collected 

prior to each visit on the day before or the morning of the visit day. Participants were 

instructed to freeze the sample immediately and bring it with them in a provided 

cooler bag with ice packs. The stool sample was then transferred to a -80°C freezer 

until analysis. Samples were stored in an HTA licenced freezer and laboratory. A 

Research Associate within the Mitochondrial Research Group at Newcastle 

University carried out the short chain fatty acid (SCFA) analysis. Bacterial analysis 

was conducted at Northumbria University. 

SCFA 
Short chain fatty acid (SCFA) content was determined by gas chromatography (GC). 

Firstly, a deproteinising solution (DPS) was prepared by dissolving metaphosphoric 

acid and 3-methyl valeric acid (3MV) in distilled water, giving a 50mM 3-MV solution, 

which was then stored at 4°C. Stock solutions of 0.2M were prepared for acetic acid, 

propionic acid, isobutyric acid, butyric acid, isovaleric acid and valeric acid. This was 

achieved by adding the appropriate amount of each acid to DH2O as follows (Table 

4.2):  
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Table 4.2: Stock solutions of short chain fatty acids made using deionised water. 
 
 Acid (µl) Water (ml) 

Acetic acid 286 24.71 

Propionic acid 375 24.63 

Isobutyric acid 469 24.53 

Butyric acid 461 24.54 

Isovaleric acid 558 24.44 

Valeric acid 545 24.45 

 

Each of these SCFA standards was run individually on the GC (Shimadzu GC-2014 

with AutoInjector AOC-20i, Japan) in duplicate to identify peaks and retention times. 

A SCFA “master mix” was then prepared using 10ml acetic acid, 5ml propionic acid, 

1ml isobutyric acid, 2ml butyric acid, 1ml isovaleric acid and 1ml valeric acid. 

Standard SCFAs were prepared by combining 2ml of the master mix with 2ml 

distilled water and 1ml DPS, giving a final concentration of 40mM acetate, 20mM 

propionate, 4mM isobuytrate, 8mM butyrate, 4mM isovalerate, and 4mM valerate. 

The standard SCFA mix was then run on the GC to confirm peaks and retention 

times; this graph can be seen in Appendix I. To calculate the response factor (RF) 

the following formula was used (example for acetate): 

 

peak AUC 3MV x [acetate] / peak AUC acetate x [3MV] 

 

To calculate SCFA in the stool samples, 250mg of each stool sample was combined 

with DPS at half weight by volume (125µl) and mixed. 200µl DH2O was then added, 

briefly mixed and then centrifuged at 15,000rpm for 20 minutes. 50µl of the 

supernatant was transferred to glass GC vials and sealed. The concentration of 

SCFAs in each sample was analysed by GC using a 2mm diameter column packed 

with a 10% SP-1200-1% phosphoric acid on 80/100 chromosorb in a PU 4550 gas 

liquid chromatograph. 1µL of sample was injected into the GC instrument using a 

glass-barrelled needle. Concentrations of SCFAs in samples were calculated relative 

to the standard master mixed of SCFA and internal standard (3MV), which is present 



 
 

 136 

in the DPS. The following calculation was then used to calculate the concentration of 

each SCFA in the sample, using acetate as an example: 

  

(RF for acetate x [3MV] x peak area for acetate) / peak area for 3MV 

 

DNA extraction and bacterial analysis 
The methods used follow the same protocol as that described by Houghton et al. 

(2018). Briefly, DNA was extracted from 300mg of stool sample from each time point 

(baseline, midway and end of study) using the Powerlyzer Powersoil DNA isolation 

kit (MoBio, UK), following manufacturer’s instructions. The 16s rDNA V4 region was 

amplified using PCR and then sequenced in the MiSeq platform (Illumina); the V4 

region is one of the most well characterised regions of interest. 16s rRNA gene 

sequences were then clustered into operational taxonomic units (OTUs) based on 

sequence similarity, which categorise groups of bacteria that are closely related to a 

value of 97% similarity. OTUs were mapped to the SILVA database, which is an 

online alignment tool used to map the OTUs to up to date 16S sequence data for 

bacteria (Quast et al., 2013). Abundances were reported by mapping demultiplexed 

reads to the OTUs. A custom script constructed a rarefied output table ensuring all 

samples had the same number of OTUs for downstream analysis of alpha- and beta-

diversity, as well as phylogenetic trends.  

4.2.14 Statistical analysis 

All statistical analyses were completed using IBM SPSS (version 24.0). Summary 

data are presented as means ± SD with 95% confidence intervals (CI). Independent 

t-tests were used to assess differences in baseline measures between the two 

intervention groups. Changes over time were analysed using a mixed model 

repeated measures ANOVA with time as the within-subjects factor and intervention 

as the between-subjects factor. Models were tested for sphericity using Mauchly’s 

test and multivariate models were applied if these assumptions were violated. Where 

significances were found, post hoc tests with Bonferroni adjustment to control for 

multiple comparisons were run. R was used to analyse and visualise microbial 

communities using the phyloseq package, allowing alpha- and beta-diversity metrics 

to be calculated. Each sample was rarefied to 15,721 reads. The non-parametric test 
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Kruskal-Wallis was used to determine significance between categorical variables. 

Correlations between two continuous variables were determined with linear 

regression models with P values indicating the probability that the regression line is 

zero. Principal coordinate plots employed the Monte Carlo permutation test to 

estimate P values, and the principal component analysis (PCA) was used to highlight 

patterns and variation in the data. FDR algorithms were used to adjust P values 

when multiple comparisons were conducted. Statistical significance was set at 

P<0.05.   

4.3 Results 

4.3.1 Baseline characteristics  

A total of 36 participants were randomised to the interventions, with an age range of 

60 to 79 years (Figure 4.2). The interventions were well tolerated and no adverse 

events were reported. Participants did not report beeturia (red-coloured urine) with 

the beetroot intervention. Baseline characteristics can be seen in Table 4.3. 17 

participants were allocated into the control group and 19 into the intervention group. 

Participants in each intervention group were matched for height, weight, BMI, waist 

circumference and body fat (P>0.05) but average age in the control group was 

70.1±5.6 years, compared to the intervention group of 65.1±4.4 years (P=0.009). 

Both groups had similar baseline systolic and diastolic blood pressure, and physical 

activity levels (P>0.05). Nitrate intake on the day before baseline testing was similar 

for both groups, with values of 124.9±66.1mg and 103.4±57.1mg for the beetroot and 

control group, respectively (P=0.23). Dietary fibre intakes were also similar across 

groups, with approximately 20.4±3.1g in the beetroot group and 17.8±7.5g in the 

control group (P=0.38). The average across both groups of 19.1±5.7g matches the 

average population intake reported in the National Diet and Nutrition Survey (NDNS) 

of 19g (Public Health England, 2018). Participants consisted of 14 males and 22 

females overall, with a ratio of 6:13 and 8:9 male to female in the beetroot and 

control groups, respectively. One participant was withdrawn from the study due to 

beginning medication that may interfere with study outcomes during the intervention 

period. 
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Figure 4.2: Recruitment flow diagram, study 2 
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Table 4.3: Mean (±SD) baseline characteristics, study 2; n=36.  
 

 All Intervention Control P value 

Number 36 19 17  

Gender (M/F) 14/22 6/13 8/9  

Age (years) 67.4±5.6 65.1±4.4 70.1±5.6 0.005 

Height (cm) 166.7±8.7 167.3±6.9 166.1±10.5 0.70 

Weight (kg) 70.0±9.4 69.3±10.2 70.9±8.7 0.63 

BMI (kg/m2) 25.1±2.4 24.6±2.7 25.6±1.9 0.23 

Waist (cm) 85.9±9.9 83.9±10.2 88.3±9.3 0.19 

Body fat (%) 27.9±8.6 28.8±8.7 26.8±8.6 0.52 

SBP (mmHg) 137.9±16.7 135.5.±19.6 140.3±13.8 0.40 

DBP (mmHg) 81.6±10.5 86.0±12.8 86.4±6.8 0.89 

Heart rate (BPM) 70.8±8.5 71.1±9.8 70.5±6.9 0.84 

Physical activity 3376.0±2734.3 3866.0±3098.2 2828.4±2225.2 0.26 

 
Statistical analysis using independent t-tests. SBP = systolic blood pressure, 
DBP = diastolic blood pressure. 

4.3.2 Body composition, physical activity and dietary intake 

Weight, waist circumference and body fat percentage did not change from baseline 

to end of study in either the beetroot group or control (P>0.05). Nitrate intakes on the 

day before testing were significantly higher at the midway and end of study visits than 

at baseline for the beetroot group, rising to 242.8±147.1mg at midway (P=0.02) and 

to 270.2±155.8mg at end of study (P=0.002). Nitrate intake the day before testing 

also rose in the control group to 203.3±162.8mg at midway and 154.7±105.5mg but 

these were not significantly different to baseline (P>0.05). Nitrate intakes the day 

before end of study testing were significantly higher in the beetroot group than the 

control group (+115.5mg; P=0.02; 95%CI: 19.7, 211.3), demonstrating compliance to 

the intervention and success at increasing nitrate intake. Dietary fibre intake on the 

day before testing across both groups rose to 23.5±5.4g, which is above the average 

daily intake in the UK. Fibre intake was significantly higher than baseline at the end 

of the study in the control group (+5.5g; P=0.02; CI: 0.8, 10.2) but there was no 

significant change in the beetroot group (P=0.26). There was, however, a large range 

of fibre intakes at baseline in the control group (8g – 32g) and a smaller range at end 
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of study (15g-32g), so results may have been skewed by individuals with particularly 

low or high intakes.  

4.3.1 Plasma nitrate 

There was no effect of time on plasma nitrate levels (P=0.10) but a noteworthy trend 

towards an effect of intervention (P=0.06) (Figure 4.3). There was no interaction 

between time and intervention (P=0.16). Plasma nitrate levels were found to be 

7.05µmol/L lower in the control compared to the intervention group. Post hoc 

analyses show plasma nitrate levels were significantly higher at the end of study 

compared to baseline in the intervention group (+11.9µmol/L; P=0.04; 95%CI: 0.9, 

22.9) but there was no significant difference in the control group (P=0.86). The 

beetroot given was found to contain 390mg nitrate per 100g cooked weight, meaning 

that if participants consumed their allocated amounts they would have consumed 

~585mg nitrate every second day through the consumption of 150g beetroot. Based 

on the results from Chapter 2, this amount should have been enough to raise both 

plasma nitrate and nitrite levels in the participants. Although there was potentially a 

small additive effect evident through the higher plasma nitrate levels following only 

the beetroot intervention, nitrate levels were not raised from baseline to an extent 

deemed physiological. Levels remained similar to the baseline values observed in 

Chapter 2.  
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Figure 4.3: Mean (±SEM) plasma nitrate levels at baseline and after eight weeks of 
supplementation with beetroot or control; n = 30. Statistical analysis using mixed 
model repeated measures ANOVA (time as within-subjects factor and intervention 
as between-groups factor). * denotes a significant difference when compared to 
baseline in the  beetroot group (P<0.05).   

4.3.2 Urinary nitrate 

There was a significant effect of time on urinary nitrate levels (P=0.005) but no effect 

of intervention (P=0.75) (Figure 4.4). There was no interaction between time and 

intervention (P=0.47). Pairwise comparisons show that urinary nitrate levels were 

higher than baseline at the mid point (+0.39mmol/L; P=0.006; 95%CI: 0.09, 0.69) and 

end of study (+0.33mmol/L; P=0.003; 95%CI: 0.09, 0.56) for both interventions 

combined.  

  * 
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Figure 4.4: Mean (±SEM) urinary nitrate concentration at baseline (0), midway (5) 
and end of study (9) after beetroot supplementation and control; n = 36. 
Statistical analysis using mixed model repeated measures ANOVA (time as 
within-subjects factor and intervention as between-groups factor). * denotes a 
significant difference when compared to baseline across both groups (P<0.05).   

4.3.3 Functional capacity 

Baseline, midway and end of study values for functional capacity are shown in Table 

4.4. There were no significant changes to functional capacity measures over the 

eight weeks following beetroot or the control food (P>0.05).

  * 
 * 
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Table 4.4: Mean (±SD) functional capacity measurements; n = 36. 
 
 Intervention  Control  

 Baseline Midway End P Baseline Midway End P 

Left grip (kg) 26.4±5.8 24.6±7.8 25.7±7.1 1.00 25.1±8.7 24.5±8.2 24.6±9.0 1.00 

Right grip (kg) 26.5±6.6 24.9±8.5 25.4±8.8 1.00 27.2±8.6 26.1±10.4 26.5±9.3 1.00 

TUG (sec) 6.2±0.9 6.1±1.0 6.2±1.1 1.00 6.7±1.5 6.5±1.4 6.8±1.3 1.00 

FVC 3.4±0.8 3.3±0.8 3.2±0.7 0.29 3.3±1.2 3.3±1.0 3.2±1.0 1.00 

FEV1 2.8±0.6 2.6±0.6 2.7±0.5 0.45 2.6±0.9 2.7±0.7 2.6±0.8 1.00 

FEV1% 83.1±12.5 82.3±8.5 84.4±9.2 1.00 82.4±9.3 82.2±16.1 83.3±9.9 1.00 

 
TUG = timed up-and-go; FVC = forced vital capacity; FEV1 = forced expiratory volume in one second. FEV1% = FVC/FEV1 
ratio. P values represent change from baseline to end to study. 
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4.3.4 Blood pressure 

Baseline SBP was similar between groups, with values of 140mmHg and 136mmHg 

for the control and intervention group, respectively. DBP was also matched across 

groups, with a mean of 86mmHg for both groups. 

 

There was a significant effect of time on SBP (P=0.003) but no effect of intervention 

(P=0.29) (Figure 4.5). There was no interaction between time and intervention 

(P=0.94). Pairwise comparisons show that SBP at the end of study was significantly 

lower than at the mid point (-7.7mmHg; P=0.003; 95%CI: -13.1, -2.2) for both 

interventions combined.  

 

 

 
Figure 4.5: Mean (±SEM) systolic blood pressure (SBP) at baseline (0), midway (5) 
and end of study (9) in the beetroot and control groups; n = 36 (17 beetroot, 19 
control). Statistical analysis using mixed model repeated measures ANOVA with 
time as the within-subjects factor and intervention group as the between-subjects 
factor. * denotes significant difference to midway across interventions. 
 

 * 
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Similarly, there was a significant effect of time (P=0.04) but no effect of intervention 

(P=0.99) on DBP and no interaction between time and intervention (P=0.85). 

Pairwise comparisons and post hoc analyses however do not identify any significant 

changes in DBP over time. 

4.3.5 Gut microbiotal changes 

Results from 16srRNA gene analysis of the 17 stool samples are described below, 

including bacterial abundance, alpha diversity and beta diversity. Alpha diversity 

describes the species richness, measured by both a count of the number of 

distinguishable OTUs in each sample (Goodrich et al., 2014), and by species 

diversity, which measures evenness of distribution. Species diversity is measured by 

the Shannon Index, which examines how evenly bacterial species are distributed in a 

sample and if some species are more dominant than others. Beta diversity is a 

measure of microbial composition in one environment compared to another i.e. over 

time or between interventions. A Bray-Curtis dissimilarity profile, which was used in 

the present study, assesses abundance profiles from different samples and the 

overlap between them (Morgan & Huttenhower, 2012).  

Bacterial abundance 
Firmicutes and Bacteroidetes were the most dominant phyla in all samples, which is 

commonly reported in human studies (Duncan et al., 2008; Karlsson et al., 2013). 

Firmicutes was the most dominant phylum across intervention groups with 

51.4±15.5% relative abundance at baseline and 49.8±10.2% at end of study. 

Bacteroidetes was also abundant across both groups showing 38.6±16.7% and 

39.3±12.0% relative abundance at baseline and end of study, respectively. For the 

beetroot group, baseline abundance of Firmicutes was 52.7±17.2%, increasing to 

54.1±8.0% at end of study. In the control group, abundance of Firmicutes was 

50.2±14.8% and 46.2±10.8% at baseline and end of study, respectively. A full list of 

the bacterial species analysed at phylum level for the beetroot and the control group 

is shown in Figure 4.6. 
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Figure 4.6: Stacked bar plots showing the relative abundance distribution of taxa at phylum level in the beetroot group (A) and 
control group (B) at baseline (T1), midway (T2) and end of study (T3); n = 17 (8 beetroot, 9 control). Each bar represents one 
sample. 

A 

B 
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At genus level, the most abundant bacteria across both groups was Bacteroides, 

which is commonly reported as the predominant genus within the lower intestinal 

tract in humans (Gibson, 1999). Bacteroides had 16.4±9.0% relative abundance at 

baseline in the beetroot group, dropping to 14.2±7.0% at end of study. In the control 

group, Bacteroides abundance was 19.4±13.0% at baseline and 19.4±14.7% at end 

of study. Alistipes abundance was similar across groups at baseline with 5.1±3.7% 

and 5.3±2.6% in the beetroot and control groups, respectively. Relative abundance of 

Alistipes rose to 9.5±4.3% at end of study in the beetroot group and remained similar 

at 4.8±2.7% in the control group. The most abundant bacteria at genus level in each 

intervention group are illustrated in Figure 4.7. 
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Figure 4.7: Stacked bar plots showing the distribution of taxa at genus level in the beetroot group (A) and control group (B) at 
baseline (T1), midway (T2) and end of study (T3); n = 17 (8 beetroot, 9 control). 

A 

B 
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Figures 4.8 and 4.9 below illustrate changes in bacteria at phylum and genus level 

over time in both intervention groups. Abundance of Verrucomicrobia and 

Tenericutes appears to rise in the beetroot group but not the control group, although 

these were not found to be significant (P>0.05). Figure 4.9 illustrates a rise in 

Alistipes and Akkermansia in the beetroot group but not the control group, but again 

these were not found to be significant changes (P>0.05). Alistipes abundance was 

found to rise by 88% in the beetroot group and fall by 8% in the control group 

between baseline and end of study. An increased abundance of Alistipes is indicative 

of the consumption of more plant-based foods. Akkermansia is a mucin-degrading 

bacterium that has been found to increase following the consumption of cranberry 

extract in mice, potentially due to the high content of polyphenols present (Anhê et 

al., 2016). It has also been shown to be important for maintaining gut integrity 

through increased mucus thickness (Cani, 2018).  
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Figure 4.8: Boxplots showing relative abundance of bacteria at phylum level in the beetroot group (A) and the control group 
(B) at baseline (T1), midway (T2) and end of study (T3). Data presented as mean plus upper and lower quartile range. 
Statistical analysis using Kruskal-Wallis.   

A 

 B 
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Figure 4.9: Boxplot showing relative abundance of bacteria at genus level in the beetroot group (A) and the 
control group (B) at baseline (T1), midway (T2) and end of study (T3). Data presented as mean plus upper 
and lower quartile range. Statistical analysis using Kruskal-Wallis.  

A 

B 
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Alpha diversity 
Results from analysis of alpha diversity by OTU count and the Shannon Index is 

shown in Figure 4.10. There was no difference in observed OTU count over time in 

either intervention group (P>0.05). The Shannon Index was seen to rise over time in 

the beetroot group but not the control group, which signifies an increase in bacterial 

diversity following beetroot consumption over eight weeks. This was not found to be 

significant (P>0.05) but this is likely due to the small sample size in the present study.  

 

 
Figure 4.10: Alpha diversity regression analysis of the microbiome for observed 
operational taxonomic units (OTUs) and Shannon Index at baseline (time point 1), 
midway (time point 2) and end of study (time point 3). Group 1 = beetroot, group 2 
= control. n=17 (8 beetroot, 9 control). The grey shading represents the 95% 
confidence interval of the mean. Statistical analysis conducted using Kruskal-
Wallis one-way ANOVA.  
 

Beta diversity 
Principal component analysis across all time points shows a significant difference 

between the beetroot group and the control group (P=0.03). This is shown in Figure 

4.11. 
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Figure 4.11: Principal component (PC) analysis using Bray Curtis dissimilarity 
across all time points (baseline, midway and end of study) in group 1 (beetroot) 
and group 2 (control).  
 

Within the beetroot group, there were no significant changes in beta diversity over 

the eight-week period (P=0.99), however there is a shift at T2 and T3 when 

compared to T1 (baseline), indicating an alteration in bacterial composition. The PC 

analysis can be seen in Figure 4.12. Similarly, in the control group, there were also 

no changes in beta diversity over time (P=1.0) (Figure 4.12). 
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Figure 4.12: Bray Curtis beta diversity at baseline (T1), midway (T2) and end of 
study (T3) in the beetroot group (A); n = 8 and the control group (B); n = 9. 
 

SCFA concentrations 
The concentrations of the SCFAs acetate, propionate, isobutyrate, butyrate, 

isovalerate and valerate were assessed over time and across interventions in eight 

participants from the intervention group and nine from the control group. There were 

no significant differences between groups at baseline for total or individual 

concentrations of SCFA (P>0.05). Total SCFA concentration in the beetroot group 

rose from 22.7±0.4mM to 27.7±0.6mM after the eight-week intervention, which is a 

22% increase from baseline to end of study. In the control group, SCFA 

A 

B 
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concentration rose from 27.9±1.1mM to 31.32±1.6mM over the eight weeks, which is 

an increase of 12% from baseline.  

 

There was a significant effect of time (P=0.01) on total SCFA concentration but no 

effect of intervention (P=0.16) (Figure 4.13). There was no interaction between time 

and intervention (P=0.58). Pairwise comparisons show that total SCFA concentration 

was higher at the end of study than at baseline (+5.1mM; P=0.009; 95%CI: 1.2, 8.9).  

 
Figure 4.13: Mean (+SEM) total SCFA concentration at baseline, midway and end 
of study; n=17. Statistical analysis using mixed model repeated measures ANOVA 
with time as within-subjects factor and intervention as between-subjects factor. * 
denotes significant difference between time points across both groups.  
 

Figure 4.14 illustrates the changes in individual SCFAs over time in both intervention 

groups. There is a significant effect of time (P=0.03) on acetate concentrations but no 

effect of intervention (P=0.18). There was no interaction between time and 

intervention (P=0.36). Pairwise comparisons show that acetate concentrations were 

higher at end of study compared to baseline across both groups (+2.8mM; P=0.01; 

95%CI: 0.6, 5.0).  

 

* 
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There was a significant effect of time (P=0.01) but no effect of intervention (P=0.13) 

on propionate concentration. There was no interaction between time and intervention 

(P=0.51). Pairwise comparisons show that the concentration of propionate was 

higher at the end of study than at midway (+1.0mM; P=0.03; 95%CI: 0.1, 1.9) and at 

baseline (+0.9mM; P=0.04; 95%CI: 0.03, 1.9) for both groups combined. 

 

There was a trend towards an effect of time (P=0.08) but no effect of intervention 

(P=0.34) on concentrations of isobutyrate. There was no interaction between time 

and intervention (P=0.49).  

 

There was a significant effect of time (P<0.001) but no effect of intervention (P=0.16) 

on concentrations of butyrate. There was no interaction between time and 

intervention (P=0.58). Pairwise comparisons show that concentrations are 

significantly higher at end of study compared to baseline (+1.6mM; P<0.001; 95%CI: 

0.8, 2.4) across both groups combined. Butyrate concentrations increased by 99% in 

the beetroot group and 41% in the control group over the eight-week period. 

 

There was no effect of time (P=0.11) or intervention (P=0.49) on concentrations of 

isovalerate. There was no interaction between time and intervention (P=0.43). There 

was also no effect of time (P=0.51) or intervention (P=0.24) on valerate 

concentrations, or an interaction between time and intervention (P=0.71).  
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Figure 4.14: Mean (±SEM) concentration of SCFAs at baseline, midway 
and end of study in the beetroot group (A) and control group (B); n = 
17.  
 

A 
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4.4 Discussion 

4.4.1 Summary of key findings 

This is the first study to investigate the effects of prolonged dietary nitrate intake from 

whole beetroot on healthy older adults. The key findings are that eight weeks of 

dietary supplementation with beetroot: 1) significantly alters plasma nitrate levels; 2) 

significantly increased urinary nitrate; 3) had no negative GI tract symptoms; 4) was 

able to modulate the composition of the gut microbiome and 5) significantly increased 

SCFA concentrations. These data combined indicate that prolonged increased 

beetroot intake was well tolerated and may offer health benefits to those at increased 

risk of co-morbidities such as older adults. 

4.4.2 Prolonged beetroot supplementation and functional capacity 

Studies to date utilising beetroot supplementation have primarily focussed on acute 

interventions (≤ one week) in young adults. Bailey et al. (2010) and Lansley et al. 

(2011) have reported improvements in peak muscle contractile efficiency in knee-

extensor exercise and time-to-exhaustion in high-intensity running following beetroot 

juice consumption in males under the age of 30. These authors attributed these 

improvements to an increase in NO availability and a reduction in energy and oxygen 

cost of muscle force production, but these may only be present at peak exercise. 

Although these studies do offer an insight into the benefits of beetroot 

supplementation, maximal functional capacity measures are generally not used in 

older populations. Instead, studies in older adults tend to focus on functional capacity 

measures such as walking distance, grip strength, balance and standing, which 

become more important to daily living in an ageing population.  

 

In the present study there were no improvements in functional tests including grip 

strength and TUG, which were less challenging than the muscle contraction and 

exercise tests mentioned previously. Similarly, Kelly et al. (2013) and Shepherd et al. 

(2015) reported no significant differences in the six-minute walk test (6MWT) 

following two and 2.5 days of beetroot juice consumption in adults over the age of 60 

years. Siervo et al. (2016) supplemented adults between 60 and 75 years with 

beetroot juice for seven days and utilised a more comprehensive battery of functional 

tests similar to the present study including handgrip strength, TUG, sit-to-stand and 
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10m walking speed in an attempt to detect improvements in functional capacity. 

However, despite additional functional measures, Siervo et al. (2016) did not report 

any significant improvements. The present study addresses the short duration 

intervention periods previously used but the lack of improvement in functional 

capacity suggests that the duration of beetroot supplementation is not the only factor 

to consider. It is more likely that the measures of functional capacity used here and in 

previous studies (Kelly et al., 2013; Shepherd et al., 2015; Siervo et al., 2016) lack 

the sensitivity to detect small improvements or are not sufficient to stress the 

participant sufficiently to display physiological improvements. This may be further 

attenuated by the physically active cohorts used in the present study and in those by 

Kelly et al. (2013). However, longer-term intervention with sodium nitrite has been 

found to have positive effects on functional capacity measures, so it may be the case 

that seven days, which is the longest intervention period described in the literature, is 

not long enough to stimulate physiological benefits.  

 

Other studies in this area employing a longer-term design were those by Justice et al. 

in 2015. Eight weeks of supplementation with sodium nitrite-enriched water improved 

forelimb grip strength and distance run in old mice, as well as reduced low-grade 

inflammation in muscle (Justice et al., 2015). In human participants, 10 weeks of 

sodium nitrite supplementation in the form of daily capsules increased plasma nitrite 

levels, reduced balance errors in a step test and improved muscle strength measured 

by knee flexor and extensor rate of torque development, but did not affect TUG 

(Justice et al., 2015). This was the first study to examine the longer-term effects of 

supplementation with nitrite and shows promise as a beneficial intervention on 

functional capacity in older adults. The improvements demonstrated may be due to 

the intake of nitrite, bypassing the requirement for the breakdown of nitrate in the 

body. As discussed in Chapter 1, this can be a limiting factor in the benefits of dietary 

nitrate to an older population, as changes to the oral microbiome or acidity of the 

stomach may reduce the conversion of nitrate to nitrite and further to NO. 

Furthermore, the reduction in low-grade inflammation in old mice shown by Justice et 

al. (2015) suggests that a more prolonged intake of nitrate or nitrite may be required 

to elicit improvements in functional capacity through the reduction of inflammation in 

the muscles. It is not clear whether nitrite intake has the same effect in humans as it 

does mice, and a review by Calder et al. (2011) suggests that the intake of a single 
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vegetable or fruit is not enough to elicit a reduction in the low-grade inflammation 

associated with ageing in humans. Instead, a high overall intake of vegetables and 

fruit has a beneficial effect on an inflammatory state. Beetroot alone, therefore, 

regardless of the duration of intervention, may not have a positive effect on 

inflammation status in older adults. A high intake of a combination of nitrate-rich 

vegetables, that contain both dietary nitrate and antioxidant compounds, may be 

more beneficial in this context.  

4.4.3 The effects of beetroot intake on blood pressure 

Dietary nitrate acutely lowers blood pressure due to the increased production of the 

vasodilator NO and consequent widening of the blood vessels (Webb et al., 2008). 

However, little is known about the effects of prolonged dietary nitrate intake on blood 

pressure. The half-life of nitrate of around six hours suggests that the blood pressure-

lowering effects will be acute and repeated intake is required to maintain the benefits. 

What is unclear is whether there are additive effects of prolonged dietary nitrate 

intake that may lead to a larger reduction in blood pressure over time. Conversely, it 

may be the case that familiarisation to a dietary nitrate load may reduce the blood 

pressure-lowering effects over time through desensitisation. The present study 

demonstrated a SBP reduction from 136mmHg to 128mmHg between baseline and 

end of study at week nine following repeated beetroot consumption. This reduction is 

consistent with a study by Rammos et al. (2014), who reported an 8mmHg reduction 

in SBP one day after the last intake of sodium nitrate, which was supplemented daily 

for four weeks. Similar to the study by Rammos et al. (2014), blood pressure was 

measured more than 12 hours after the nitrate dose in the present study, suggesting 

a chronic blood pressure-lowering effect of the prolonged beetroot consumption. 

Kapil et al. (2015) demonstrated a reduction in clinic blood pressure by 7.7mmHg 

following four weeks of supplementation with beetroot juice. Together these data 

suggest that the body is not becoming desensitised to the effects of dietary nitrate 

over a prolonged time period. In contrast, Jajja et al. (2014) demonstrated that a 

reduction in daily SBP found following 21 days of supplementation with beetroot was 

not maintained when the intervention was interrupted for seven days. If beetroot is 

able to offer physiological benefits such as reductions in blood pressure, patients at 

risk of CVD may be advised to increase beetroot intake on a regular basis.   
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Interestingly, there was no reduction in SBP at the midway point, which suggests that 

a longer intervention period is more beneficial when considering additive effects. 

However, a trend towards a reduction in SBP was also seen in the control group over 

the eight-week period. Although there was not a statistically significant difference 

between baseline SBP in the beetroot and the control group, the control group had a 

higher baseline SBP of 140mmHg, which is classed as hypertensive. It is 

conceivable that simply taking part in health-related research influenced lifestyle 

choices of participants over the study period, positively affecting their blood pressure. 

There were no changes in physical activity levels over the eight-week period but 

restrictions to caffeine and alcohol intake before study visits may have influenced the 

participants and were not picked up by the 24-hour dietary recall.  

 

Reductions in blood pressure were not accompanied by increases in plasma nitrate 

levels at the time of testing, which represent the plasma levels of the more bioactive 

nitrite. Results from Chapter 3 suggest that higher levels of plasma nitrite are 

correlated with reductions in blood pressure. The plasma nitrate levels in the present 

study were not at a concentration that would stimulate an increase in plasma nitrite 

and subsequent NO production but the time of testing, which occurred at least 12 

hours after the consumption of beetroot, may have missed the peak in plasma nitrate 

and nitrite levels. Chapter 2 demonstrates that plasma nitrite levels reach a peak 

after around three hours following the consumption of whole beetroot and levels rose 

following 100g and 200g beetroot by around 121% and 141%, respectively, in older 

adults. The dose of nitrate provided in the present study was larger than that 

provided in Chapter 2, so it is likely that plasma nitrite levels rose acutely to a greater 

extent. However, beetroot is also rich in other active compounds such as ascorbic 

acid and phenolic compounds, which have been shown to enhance NO synthase 

activity (Bondonno et al., 2015). The blood pressure-lowering effect may therefore be 

due to an increase in NO production and subsequent vasodilatory action through the 

L-arginine pathway. Phenolic compounds such as anthocyanins, which closely 

resemble the betalains found in beetroot, are also considered to have prebiotic 

effects, as their consumption affects the composition of gut bacterial species (Faria et 

al., 2014). The prolonged consumption of the phenolic compounds found in beetroot 
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may therefore have beneficial effects on bacterial species and the health and 

functioning of the gut. 

4.4.4 The effects of beetroot supplementation on gut health 

Bacterial colonisation of the human body is highly host-specific and recent 

developments have enhanced understanding of the relationship between host and 

microbiome and how the gut microbiome contributes towards metabolism, immune 

response, intestinal architecture and GI health (Fava et al., 2018). Imbalance 

between the host and the gut microbiome could potentially contribute to a higher risk 

of co-morbidities and poor health, as previously identified with increased inter-

individual variability and reduced diversity with age (Claesson et al., 2012). 

Therefore, treatments aimed at modulating the gut microbiome by increasing 

diversity and re-balancing the symbiotic relationship between the host and gut 

microbiota could offer a beneficial therapeutic approach to healthy ageing. 

 

One such potential therapy would be to modulate the gut microbiome through dietary 

supplementation, as the diet has been shown to play a significant role in shaping the 

composition of gut bacterial species (David et al., 2014). In the present study, 

beetroot consumption resulted in an increase in abundance of Alistipes and 

Akkermansia over time, which are associated with increased plant-based foods 

(Jiang et al., 2015) and improved gut integrity (Everard et al., 2013). Although these 

changes were not significant, both of these bacteria are associated with a healthy gut 

and improved metabolic control (Zhou, 2017). In addition to individual alterations in 

specific changes at the genus level, diversity also has a crucial role in gut health 

(Claesson et al., 2012). Species richness is associated with colonic transit time, 

which is assessed non-invasively using the Bristol Stool Chart (BSC) (Vandeputte et 

al., 2016). The Western diet has led to more than 50% of stools passed belonging to 

categories 3 and 4 of the BSC, which lie in the medium to firmer end of the chart. 

Species richness has been found to significantly decline with increasing stool 

firmness (Vandeputte et al., 2016). Samples in the present study were found to lie 

between three and four on the BSC, suggesting no effect of beetroot consumption on 

transit time. However, there was a significant difference in the Bray Curtis similarity 

when comparing the beetroot to the control group across time, demonstrating a shift 
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in bacterial composition. Furthermore, there was a slight increase in the number of 

OTUs and Shannon diversity index over time in the beetroot group, which was not 

observed in the control group. The lack of significance reported in these measures is 

likely to be due to the small sample size, especially given the variability commonly 

reported in microbiome studies. These data suggest that beetroot supplementation 

may offer a therapeutic approach to the ageing population.  

 

Modulation of the gut microbiome will inevitably affect the metabolites produced. One 

of the main metabolites that has received considerable attention are the SCFAs, the 

most abundant and commonly reported of which are acetate, propionate and butyrate 

in a ratio of around 3:2:2 (Fava et al., 2018). The present study demonstrated a 

significant increase in total SCFA, which was driven by increases in propionate, 

acetate and butyrate over the eight-week period. SCFAs have been shown to 

contribute to gut health through mechanisms such as maintaining integrity of the gut 

wall and regulating the inflammatory output of adipose tissue (Fava et al., 2018; 

Natarajan & Pluznick, 2014). An increase in SCFA production, therefore, is a marker 

of gut health. The SCFA butyrate is thought to be one of the most important due to its 

ability to initiate apoptosis in colon cancer cells (Heerdt et al., 1997). An increase in 

dietary fibre is known to stimulate the growth and/or activity of beneficial bacterial 

species such as Faecalbacterium prausnitzil, a known butyrate-producing species. 

Butyrate-producing bacteria are found within the Firmicutes and also include 

Eubacterium rectale and Roseburia (Scott et al., 2008). In the present study the 

genus Faecalbacterium increased from baseline to end of study in the beetroot 

group. Although this was not a significant increase, which may be in part due to the 

small sample size here, these data suggest that the increases in SCFAs following 

beetroot consumption may be due to an increase in SCFA-producing bacteria.  

 

Some dietary fibres, such as resistant starches (Schwiertz et al., 2002)  stimulate the 

growth and/or activity of beneficial bacterial species such as Roseburia and are 

termed “prebiotic” (Fava et al., 2018). The increase in butyrate production observed 

following the eight-week intervention in both groups might be due to the resistant 

starch present in the banana control food, as there was no greater affect following 

beetroot consumption in addition to the banana. The increase in total SCFAs 

following beetroot consumption, however, suggests that the dietary fibre, or other 
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compounds, present in whole beetroot, have a beneficial effect more generally on the 

gut. There is limited data available on the effects of the inclusion of foods on SCFA 

production and results are inconclusive. For example, the consumption of pinto 

beans, which are a source of resistant starch, was found to have no effect on the 

production of SCFAs in the colon of ten middle-aged men and women (Finley et al., 

2007). An in vitro study showed that gourds, which are a rich source of soluble and 

insoluble fibre, increased SCFA production in the colon and have significant prebiotic 

effects (Sergis et al., 2013). The large variation in bacterial composition between 

individuals may be a significant limitation to human intervention studies on SCFA 

production and prebiotic abilities of vegetables. It is however, an important area of 

research given the low total dietary fibre intake in the UK population and the impact 

on diseases of the gastrointestinal tract.  

 

4.4.2 Strengths and weaknesses 

The present study is not without limitation. This feasibility study was the first to 

investigate the effects of more prolonged dietary nitrate intake from a fresh vegetable 

source on markers of functional capacity and gut health in an older population. The 

positive effects of beetroot consumption reported here provide a foundation for 

further research in this area and demonstrates that the addition of whole beetroot to 

the diet is feasible with excellent compliance rates.  

 

The free-living design i.e. a two-hour fast prior to testing and no other dietary 

restrictions makes the study applicable to a real-world setting with an unregulated 

diet. However, the timing of blood collection and the consumption of beetroot every 

second day makes it difficult to accurately assess plasma nitrate and the peaks 

following consumption. Although this data does provide information relating to a 

prolonged effect of beetroot, a future study may combine the methods here with 

those used to ascertain the acute effects of dietary nitrate in conjunction.  

 

The parallel design of this study enabled a smaller sample size but giving participants 

the option of providing a stool sample resulted in a very small sample size for the 

analysis of gut microbiota. However, including stool sample collection as a 

mandatory aspect of the study may have reduced compliance in participants, leading 
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to dropout or lower rates of recruitment. There were no dropouts in this study, which 

demonstrates that, at least over the eight-week period, the amounts of beetroot 

consumed were not a significant burden to the participants. Furthermore, the 

vacuum-packed cooked beetroot provided came from the same batch, ensuring 

consistency in nitrate levels across the eight-week intervention. This product is also 

available to the public and represents a widely-used form of beetroot, which 

increases the applicability of this study.  

 

Participants were not matched for age at baseline due to the randomisation effect, 

which would potentially have been controlled for in a larger sample size. There was 

no placebo control in this study but the impacts of this were reduced by the inclusion 

of the control food in both the intervention arms. Any additional effects of beetroot 

consumption on top of the control food could then be identified.  

4.4.3 Conclusions 

The repeated consumption of whole beetroot for eight weeks did not have a positive 

impact on functional capacity in older adults, potentially due to a lack of stimulus to 

initiate a response in plasma nitrate levels at time of testing. There was, however, a 

reduction in blood pressure despite low plasma nitrate levels, which suggests an 

additive effect of nitrite on the vascular system. Beetroot consumption led to 

improvements in gut bacterial diversity and the production of SCFAs in the colon but 

the sample size was too small to identify significant changes in a number of markers 

of gut health. These data suggest that the addition of whole beetroot to the diet, over 

periods more than eight weeks, may improve overall gut health in an older population 

and promote a blood pressure-lowering effect. More research is warranted into the 

effects of beetroot on markers of inflammation, oxidative stress and gut health, and 

the effects of these on functional capacity measures that contribute to activities of 

daily living in the ageing population.  
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Chapter 5. Cognitive function in older adults following an eight-
week intervention with whole beetroot 

5.1 Introduction 

The UK’s population is ageing and it is estimated that there will be an additional 8.6 

million people over the age of 65 in 50 years time (Storey, 2018). An ageing 

population puts more strain on the National Health Service due to age-related 

diseases such as CVD and dementia. Deary et al. (2009) describe that, in the UK, 

40% of admissions to care institutions are due to cognitive failure. Cognitive decline 

has been linked to a reduced blood flow to the brain and this can contribute to the 

development of dementia (Rabbitt et al., 2006). Normal cognitive ageing results in 

abnormal blood vessels, which can lead to chronic ischaemia in the brain. This 

ischaemic state can cause degeneration in the white matter of the brain, which is 

linked to executive functioning, for example working memory and task switching. 

Although dementia is not preventable, delaying brain ischaemia or modulating the 

low-grade inflammation that is associated with brain ageing is a viable target of 

nutritional intervention. Furthermore, a reduction in nitric oxide (NO) availability is 

once again implicated in vascular ageing in the brain, as disrupted neurovascular 

coupling occurs when blood flow is not matched to the demand in a specific brain 

region (Girouard & Iadecola, 2006).  

 

NO is a potent vasodilator with wide diffusibility in the human body. It has a half-life of 

less than one second but the intake of dietary nitrate and the subsequent reduction to 

nitrite enables a more stable reservoir for the production of NO. NO is synthesised 

continually by endothelial NO synthase (eNOS), which converts the precursor L-

arginine to citrilline and then to NO (Palmer et al., 1988). NO then diffuses into the 

smooth muscle and stimulates the production of cyclic guanosine monophosphate 

(cGMP), leading to relaxation of the vessel wall (Lyons et al., 1997). To date, much of 

the research around nitrate and vascular function focuses on vessels of the 

cardiovascular system and shows positive effects on blood flow, especially in a 

young, healthy population. Although effects on blood flow in older adults is equivocal, 

there appears to be a greater and more consistent benefit following a more 

prolonged intervention period with dietary nitrate i.e. over weeks rather than days or 
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hours. It is also emerging that dietary nitrate, in part through the vasodilatory effects 

of NO, can have a positive impact on cerebrovascular blood flow and consequently 

on cognitive function. Indeed, beetroot juice consumption has been found to acutely 

improve cerebral blood flow (CBF) in older adults (Presley et al., 2011) and increase 

prefrontal cortex blood flow and improve cognitive function in young participants 

(Wightman et al., 2015). Although these studies highlight the potential for cognitive 

function improvements following beetroot consumption, there is a significant gap in 

the research on more prolonged intervention with dietary nitrate, particularly with an 

older population who may already be showing signs of cognitive ageing. 

 

Consequently, the present study explores the effects of prolonged beetroot 

consumption on cognitive function in older adults. This study investigated baseline, 

mid way and end of study cognitive test scores to assess the effects of repeated 

consumption of whole beetroot on domain specific cognitive functioning. The effects 

of an eight-week supplementation with whole beetroot have not been investigated 

before, so this pilot study aimed to assess not only the cognitive effects but also the 

compliance of the participants to a longer-term intervention with a whole vegetable. It 

was hypothesised that supplementing the diet with repeat beetroot consumption 

would have a positive impact on cognitive function in an older age group. This 

hypothesis was tested using an online cognitive-testing platform performed at 

baseline, after four weeks and after eight weeks of the consumption of 150g whole 

beetroot every second day compared to a control food. 

5.2 Methods 

The participants, exclusion criteria, interventions, and study design and protocol were 

the same as those used in Chapter 4. This study was approved by the Newcastle 

University ethical committee (Appendix G). Participants consumed 150g whole 

cooked beetroot every second day and/or a medium-sized banana for eight weeks. 

Participants were cognitively healthy with no diagnosis of clinical cognitive decline. 

They were also not taking psychoactive medication and fasted for at least two hours 

prior to attending the research facility; caffeine intake was also restricted.  
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5.2.1 Cognitive function 

Participants were briefed on the cognitive tasks and given two full practice runs to 

reduce learning effects during the study. An online cognitive battery was provided by 

CogTrack™ and consisted of nine cognitive tasks: immediate word recall, pattern 

separation, simple reaction time, digit vigilance, choice reaction time, spatial working 

memory, numeric working memory, delayed word recall, and word recognition. The 

tasks took a total of approximately 20 minutes to complete. Scores from each test 

were combined to produce the following cognitive indices: Attentional Intensity Index, 

Sustained Attention Index, Working Memory Capacity Index, Cognitive Reaction 

Time, Attentional Fluctuation Index, and Memory Retrieval Speed Index. Each of 

these six factors combines the same task measures as used in the Cognitive Drug 

Research (CDR) system to form the factor scores named power of attention, 

continuity of attention, quality of memory and speed of memory. Participants 

performed the CogTrack™ system on two consecutive occasions at the screening 

visit to ensure that any effects of practice, familiarity or test anxiety were overcome 

prior to the first testing day. This method is known as pre-baseline massed practice 

and has been described by Goldberg et al. (2015) and Bell et al. (2018) as a solution 

to the issue of practice effects in cognitive testing. Participants then completed the 

nine tasks at baseline, midway and end of study testing visits, in a fasted state and in 

an individual booth in the research facility. They also completed the tasks on two 

occasions at home, during weeks three and seven, if they had access to a computer.  

5.2.2 Cognitive indices 

The cognitive indices described above were derived from variables such as number 

of false alarms, average speed and accuracy. Examples of these are shown in Figure 

5.1.  
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Figure 5.1: Example of the variables used to calculate indices of cognitive 
function. Column 1 represents the acronym used, column 2 represents the name 
and source of the variable and column 3 represents the units used for 
measurement.  
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The indices were then calculated using the equations in Figure 5.2 below. 

 

 
Figure 5.2: Indices of cognitive function, calculated using the variables shown in 
Figure 5.1. 
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5.2.3 Statistical analysis 

Statistical analyses were completed using IBM SPSS (version 24.0). Summary data 

are presented as means ± SD with 95% confidence intervals (CI). Two-tailed 

independent t-tests were used to assess differences in baseline measures between 

the two intervention groups. Changes over time were analysed using a mixed model 

repeated measures ANOVA with time as the within-subjects factor and intervention 

as the between-subjects factor. Models were tested for sphericity using Mauchly’s 

test and multivariate models were applied if these assumptions were violated. Where 

significances were found, post hoc tests with Bonferroni adjustment to control for 

multiple comparisons were run. Statistical significance was set at P<0.05.  

5.3 Results 

5.3.1 Baseline characteristics 

A total of 36 participants were randomised to the interventions and completed the 

trial, with an average age of 67.4±5.6 years (Table 4.3). 19 participants were 

randomised to the intervention group and 17 to the control group. Participants in both 

groups were matched for height, weight, BMI, waist circumference and body fat 

(P>0.05) but the control group’s average age was 70 years compared to the 

intervention group’s average of 65 years, which were statistically different (P=0.009). 

Interim cognitive test scores were not included in analysis due to the inability to 

control for the effects of dietary intake before testing at these time points. There were 

no significant differences between the cognitive scores in the beetroot and the control 

group at baseline (all P>0.05). Number of years in education were similar across 

groups with a mean of 16.4±3.3 (P=0.12). 

5.3.2 Dropout and body composition 

The interventions were well tolerated and no adverse events were reported. One 

participant was withdrawn before the midway point due to starting a course of 

medication. Weight, BMI, waist circumference and body fat did not change over the 

course of the intervention period (P>0.05). 
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Table 5.1: Mean cognitive indices over the eight-week intervention period 
following beetroot consumption and control; n=36. 
 

 Beetroot Control 

 Baseline Mid way End Baseline Mid way End 

AI (ms) 1372.7 1370.7 1391.4 1375.9 1366.3 1368.6 

SA (%) 95.7 94.9 95.6 93.4 95.0 95.6 

WMC (%) 93.2 91.9 91.4 86.2 93.5* 90.8 

CRT (ms) 186.1 175.0 152.1*a 171.4 188.4 186.8a 

AF 62.3 55.2 50.8* 56.8 58.5 56.4 

MRS (ms) 4202.1 3908.8 3872.6* 4157.9 3922.1 3856.2 

 

AI= attentional intensity, SA= sustained attention, WMC= working memory 
capacity, CRT= cognitive reaction time, AF= attentional fluctuation, MRS= 
memory retrieval speed. * denotes significant difference to baseline. a denotes 
significant difference between beetroot and control groups at end of study. 

 

Attentional Intensity Index (AI) 
There was no effect of time (P=0.63) or intervention (P=0.86) on AI, or an interaction 

between time and intervention (P=0.53).  

Sustained Attention Index (SA) 
There was no effect of time (P=0.31) or intervention (P=0.45) on SA. There was no 

interaction between time and intervention (P=0.14).  

Working Memory Capacity Index (WMC) 
There was no effect of time (P=0.28) or intervention (P=0.53) on WMC following 

beetroot or the control. There was a notable trend towards an interaction between 

time and intervention (P=0.07). Post hoc analyses show indicate that there was no 

difference over time in the beetroot group but WMC was higher at midway than 

baseline in the control group (+7.2%; P=0.01; 95%CI: 1.3, 13.1). 
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Figure 5.3: Mean (±SEM) working memory capacity over the course of eight-week 
supplementation with beetroot or a banana control; n=36. Statistical analysis 
using mixed model repeated measures ANOVA (time as within-subjects factor, 
intervention as between-subjects factor). * denotes significant difference to 
baseline in control group. 
 

Cognitive Reaction Time Index (CRT) 
There was no effect of time (P=0.41) or intervention (P=0.46) on CRT but there was 

an interaction between time and intervention (P=0.04), as shown in Figure 5.4. 

Analyses show that CRT at the end of study was significantly faster in the beetroot 

group than the control group (-34.7ms; P=0.02; 95%CI: -63.4, -6.1). CRT at the end 

of study was also significantly faster than at baseline (-34ms; P=0.04; 95%CI: -67.1, -

0.9) in the beetroot group but not in the control group (P=0.83). There was no 

difference between CRT at baseline and mid way in either group (P>0.05). 

* 
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Figure 5.4: Mean (±SEM) cognitive reaction time over the course of eight-week 
supplementation with beetroot or a banana control; n=36. Statistical analysis 
using mixed model repeated measures ANOVA (time as within-subjects factor, 
intervention as between-subjects factor). * denotes significant difference to 
baseline. 
 

Attentional Fluctuation Index (AF) 
There was no effect of time (P=0.14) or intervention (P=0.76), or an interaction 

between time and intervention (P=0.14), on AF following eight weeks 

supplementation with beetroot or a control.  

Memory Retrieval Speed Index (MRS) 
There was a significant effect of time (P=0.001) on MRS but no effect of intervention 

(P=0.93) (Figure 5.5). There was no interaction between time and intervention 

(P=0.93). Pairwise comparisons show that MRS was significantly faster than baseline 

at mid way (-265.6ms; P=0.009; 95%CI: -476.0, -55.1) and at end of study (-

316.7ms; P=0.003; 95%CI: -540.9, -92.4) across both groups.  

  * 
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Figure 5.5: Mean (±SEM) memory retrieval speed over the eight-week intervention 
period following beetroot consumption or banana control; n=36. Statistical 
analysis using mixed model repeated measures ANOVA with time as within-
subjects factor and intervention as between-subjects factor. * denotes significant 
difference to baseline across both groups. 
 

5.4 Discussion 

5.4.1 Summary of findings 

This study is the first investigation into the effects of prolonged beetroot ingestion on 

cognitive function. Results show that eight weeks of supplementation with whole 

beetroot had positive effects on cognitive reaction time and memory retrieval speed 

in older adults. Other areas of cognition, such as attention and working memory were 

unaffected by the intervention, which suggests a specific benefit of beetroot on time-

related indices or on certain sub-sets of cognitive tests. The beetroot intervention 

was well tolerated and results on reaction time mirror those demonstrated by other 

authors, showing that whole beetroot is an effective source of dietary nitrate that can 

be introduced in larger amounts to the diet to infer benefits to cognitive performance.  

* 
 * 
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5.4.2 Prolonged beetroot consumption and cognitive function indices 

Whole beetroot provides a source of nitrate, which is sequentially reduced to nitric 

oxide (NO) following ingestion. NO has a role in the regulation of cerebral blood flow 

(CBF), neurotransmission and blood flow-metabolism coupling (Szabo, 1996). The 

ageing process is associated with endothelial dysfunction, which can impair cerebral 

haemodynamics by reducing the availability of NO and increasing ROS production 

(Toda et al., 2009). The ageing brain is therefore subject to diminished levels of NO 

and a consequent reduction in blood flow. These modulations can contribute to a 

decline in cognitive performance evident into older age. This is the first trial showing 

that the inclusion of whole beetroot in the diet may have positive effects on cognition 

in an older population. Improvements were seen specifically in cognitive reaction time 

and memory retrieval speed, although other indices, such as sustained attention and 

working memory capacity, were unaffected by the intervention. This suggests specific 

task-related improvements following beetroot consumption. These results reiterate 

those described by Gilchrist et al. (2014), who were the first to demonstrate a benefit 

of beetroot juice consumption on cognitive performance in older adults with Type 2 

diabetes. These authors found improvements in simple reaction time but no effect on 

memory or rapid visual information processing (RVIP) following a 14-day 

intervention. Patients with Type 2 diabetes have been found to have deficits in 

cognitive function compared to healthy participants (Gilchrist et al., 2014), which may 

heighten their sensitivity to cognitive testing. Indeed, Kelly et al. (2013) found no 

improvement in serial subtractions, RVIP and number recall following 2.5 days of 

supplementation with beetroot juice in older adults. The healthy cohort used by Kelly 

et al. (2013) may have had a reduced sensitivity to the effects of dietary nitrate. The 

positive results shown in the present study on healthy volunteers, however, suggest 

that this cohort was sensitive to the cognitive testing and intervention used and 

therefore other factors may be involved. For example, the more prolonged 

intervention period used in the present study and by Gilchrist et al. (2014) may have 

led to improvements in cognitive function not evident after an acute intervention 

period, such as the 2.5 days used by Kelly et al. (2013). Furthermore, Justice et al. 

(2015) supplemented with sodium nitrite for 10-weeks and demonstrated a 14% and 

18% improvement in the trail making task (TMT) B following 80mg/d and 160mg/d, 
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respectively, in older adults. This again highlights that longer-term supplementation 

may be more beneficial to cognitive performance. 

 

There was no improvement in TMT-A in the study by Justice et al. (2015), which 

further suggests task-specific improvements following nitrate supplementation. The 

more complicated TMT-B is used as an index of executive function. Task switching, 

working memory and executive function are all regulated by the frontal cortex in the 

brain, which has been found to be preferentially influenced by dietary nitrate 

supplementation (Presley et al., 2011). Presley et al. (2011) demonstrated increased 

perfusion in the frontal cortex following high doses of beetroot juice incorporated into 

a nitrate-rich diet over two days in adults aged 75 years on average. Together these 

data suggest that heightened blood perfusion to specific regions of the brain following 

dietary nitrate supplementation may dictate alterations in cognitive performance. 

 

Wightman et al. (2015) demonstrated that dietary nitrate in the form of beetroot juice 

modulated the CBF response to task performance in young volunteers. These 

authors found concomitant improvements in serial 3s subtractions, a task that relies 

on working memory and psychomotor speed, but not in serial 7s subtractions or 

RVIP 90-150 minutes after the ingestion of beetroot juice. Interestingly, the RVIP task 

gave rise to a lower CBF than the serial 3s subtractions task, which may explain the 

difference in performance. Wightman et al. (2015) timed outcome measures to 

coincide with the peak in plasma nitrite that occurs post-ingestion of nitrate, as 

described in Chapter 2, which suggest a peak in NO production and thus vasodilatory 

action. In the present study, cognitive testing took place out with the peak in plasma 

nitrite that would have occurred following the consumption of beetroot and the 

breakdown of dietary nitrate. The effects, therefore, may be underestimated if CBF is 

a key mediator in cognitive enhancements. This is mirrored by the study by Gilchrist 

et al. (2014), in which cognitive testing occurred more than 12 hours post-ingestion of 

dietary nitrate. The improvements in reaction time evident in this and the present 

study may be due to an additive effect of a longer-term supplementation period. 

Investigation into CBF and cognitive performance following prolonged ingestion of 

dietary nitrate is therefore warranted. 
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Beetroot is also rich in a number of potentially active phytochemicals such as 

betalains, which may work synergistically to scavenge ROS in the brain and reduce 

the negative effects of oxidative stress, and enhance the availability of NO as 

described in Chapter 1. A more prolonged intervention with foods containing these 

phytochemicals may afford more time in which to enhance vascular structure and 

function in the brain through an increase in NO. Due to the low bioavailability of 

betalains and the lack of available standards for analysis, it was beyond the scope of 

this thesis to investigate the effects of betalains in this study. However, this remains a 

promising avenue of research for future long-term interventions with beetroot.  

 
A high vegetable intake is proposed to be associated with a slower rate of cognitive 

decline into older age (Kang et al., 2005; Loef & Walach, 2012; Morris et al., 2006). 

Increasing vegetable consumption from 0.9 servings/day to 2.8 servings/day has 

been found to reduce the rate of decline by 40% (Morris et al., 2006). Specifically, 

green leafy vegetables are identified as the most beneficial in maintaining normal 

cognitive functioning (Kang et al., 2005; Loef & Walach, 2012). Although the 

mechanism behind this is unclear and may be due to other lifestyle choices 

associated with an increased intake of vegetables, the preferential benefit of green 

leafy vegetables in the DASH may be involved. As mentioned in Chapter 1, Larsen et 

al. (2006) proposed that nitrate is responsible for the blood pressure-lowering effect 

of the DASH through the vasodilatory properties of NO. The role of NO in the 

regulation of CBF therefore puts this compound, and dietary nitrate from which it can 

be produced, in an important position regarding cognitive decline. An increase in 

nitrate-rich vegetables such as beetroot, therefore, may be particularly beneficial in 

slowing cognitive decline in older adults. 

5.4.3 Strengths and weaknesses 

This study investigated, for the first time, the effects of prolonged intake of dietary 

nitrate through whole beetroot on cognitive function. Using a cohort of adults over the 

age of 60 increases the applicability of the research, as older adults are more at risk 

of cognitive impairment than younger populations. Furthermore, the free-living design 

of the trial with minimal dietary restriction strengthens the external validity of the 

results. 
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Although the CogTrack™ cognition programme provided a comprehensive battery of 

tests for use in healthy adults, tasks more specifically directed at assessing executive 

function, task switching and working memory may have aided the interpretation of 

results in relation to CBF and dietary nitrate. This study did not assess CBF, which 

again would have allowed for further investigation into the effects of dietary nitrate. 

Whilst the results show promise, further investigation into longer-term 

supplementation with beetroot is warranted. 

5.5 Conclusions 

The addition of small amounts of whole beetroot to the habitual diet of older adults 

shows promise in improving aspects of cognitive performance over a prolonged 

period of time. It is likely that there is an additive effect of dietary nitrate following 

repeated consumption of beetroot, which works towards increasing NO in the 

vascular system in a population whose NO levels are diminished. The acceptability of 

whole beetroot as an intervention food over an extended time period allows for future 

research to investigate the beneficial effects of this vegetable more fully. 
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Chapter 6. General discussion and conclusions 

6.1 Overview 

With a growing concern over the lack of fruit and vegetables consumed in the UK on 

a daily basis and the negative effects that this can have on the health of the 

population, it is imperative that research continues to investigate the positive effects 

of whole vegetables. Although vegetable juices, gels and powders are a 

concentrated and practical source of nutrients, the applicability of these products 

long-term remains uncertain. Beetroot is one such vegetable that has undergone 

processing into numerous forms, primarily due to attention on its nitrate content, 

which is a bioactive compound that can be broken down into the vasodilator NO. 

Older adults have a lower endogenous production of NO, which puts them at risk of 

vascular dysfunction in both the cardiovascular and cerebrovascular systems. 

Therefore, an older population should benefit most from the potential effects of whole 

beetroot consumption. Consequently, the purpose of this thesis was, firstly to assess 

the availability of nitrate from whole beetroot in older adults and the dose required to 

elicit physiological effects while maintaining compliance, and secondly to investigate 

the effects of more prolonged and repeated consumption of whole beetroot in this 

population, principally on cognitive function and gut health. 

 

The initial investigation into the acute effects of beetroot (Chapters 2 and 3) 

demonstrated the bioavailability of nitrate from the whole vegetable but a lack of 

physiological effects in older adults compared to younger participants. Despite this, 

whole beetroot, in amounts up to 200g, was found to be an acceptable supplement 

for an older population and one that could be applied to a longer-term study. 

Subsequently, whole beetroot was used as a supplement for an eight-week 

intervention in older adults (Chapters 4 and 5) and showed promise as a beneficial 

dietary component for gut health and cognitive function. Collectively, the results 

presented in this thesis suggest a benefit of whole beetroot beyond the widely 

studied effects on blood pressure, particularly when consumed over a prolonged 

period of time. 
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6.2 Acute effects of whole beetroot consumption 

The acute effects of dietary nitrate are due to an increase in NO, which has 

vasodilatory properties in the vascular system (Ignarro, 2002). Whilst the 

pharmacokinetics and bioavailability of dietary nitrate from beetroot juice and in 

young adults are well known, age-related and source differences are still unclear. 

Furthermore, studies on dietary nitrate have involved large variation in doses, making 

direct comparison between age groups difficult. The present study showed that whole 

beetroot was bioavailable in both young and old adults following a direct comparison 

in two age groups. The pharmacokinetic profile of the nitrate was also similar across 

age groups, showing that the timing of physiological responses is comparable. 

Plasma nitrate and nitrite levels were found to rise significantly following the 

consumption of whole beetroot in a dose-dependent manner. It appears, however, 

that a tightly regulated excretory system comes into play to maintain nitrate levels 

within a certain range. Indeed, urinary nitrate retention was found to be lower with 

larger doses of nitrate in both age groups. It may be that beyond a certain threshold 

of dietary intake the body excretes unnecessary nitrate through urine and, although 

not tested in this study, excretion may occur through faeces also. A dose response 

was also evident in NO levels in exhaled breath (FeNO). Both age groups responded 

similarly to whole beetroot with FeNO increasing by up to 77% from baseline. FeNO 

was modestly correlated with plasma nitrate levels, which explains the dose 

response and demonstrates the increase in NO levels from dietary nitrate in whole 

beetroot. 

 

There were a number of age-related differences to the beetroot doses and the 

physiological effects of the dietary nitrate. Firstly, older adults showed lower levels of 

plasma nitrite despite receiving the same doses of beetroot and with comparable 

plasma nitrate levels to the young group. This suggests inefficiency in the breakdown 

of plasma nitrate to nitrite. This breakdown occurs in the oral cavity by commensal 

nitrate-reducing bacteria and some aspects of ageing such as changes to the 

microbiome may hinder this pathway (Miller et al., 2012). These lower levels of 

plasma nitrite may be responsible for the lack of physiological effects following 

beetroot consumption in the older group. Acute ingestion of beetroot did not lower 

blood pressure in the old but had a significant hypotensive effect on the young. Even 
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the smallest dose of beetroot, 100g, reduced both SBP and DBP in the young group 

in a matter of hours. This disparity, despite the age groups receiving equal doses 

again suggests age-related differences in the processing of dietary nitrate. It is 

pertinent that these mechanistic discrepancies are elucidated, in order for older 

adults to be able to yield the potent beneficial effects of dietary nitrate from natural 

sources such as whole beetroot. One promising aspect of the dose response is that 

larger amounts of nitrate, albeit from a potassium nitrate solution, stimulated a 

decrease in blood pressure in the old group and larger doses appeared to reduce the 

disparity in blood pressure response between the age groups. It may be the case, 

therefore, that larger doses of dietary nitrate are required by older populations in 

order to receive the same benefits of those experienced by younger age group. 

Advantageously, qualitative results from this study show that older adults are more 

tolerant of larger doses of beetroot than younger adults, which may allow for more 

age-specific supplementation of beetroot in longer-term trials. 

6.3 Longer-term effects of whole beetroot consumption 

A limited number of studies have investigated the effects of prolonged ingestion of 

nitrate, leaving a significant gap in the research. Chapters 4 and 5 describe the 

effects of eight-weeks of supplementation with beetroot on functional capacity, blood 

pressure, gut health and cognitive function, the latter of which have not previously 

been investigated in a longer-term setting.  

 

There are equivocal results on dietary nitrate and functional capacity in a longer-term 

setting. Siervo et al. (2016) found no effects of a seven-day intervention with beetroot 

juice on multiple measures of functional capacity, while Justice et al. (2015) found 

modest improvements in grip strength and balance over 10 weeks but not in TUG. It 

was hypothesised that longer-term supplementation with beetroot would improve 

measures of functional capacity in the present study but there was no effect on grip 

strength, TUG or lung function. It is speculated that, despite a potential chronic 

increase in circulating nitrate, the time of testing fell out with the peak in plasma 

nitrite and therefore NO and consequently had no effect on functional capacity in a 

healthy cohort. 
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A chronic increase in circulating nitrate or nitrite would be of great benefit to the 

vascular system in older adults, who have lower levels of endogenously produced 

NO due to deficits in the precursor L-arginine and the NO synthase cofactor 

tetrahydrobiopterin. Lower availability of NO leads to vascular dysfunction and can 

cause hypertension. In the present study, SBP was found to be lower following the 

eight-week intervention period, which may be a reflection of the increase in 

circulating nitrate. Natural foods that can chronically increase nitrate and have a 

consequent blood pressure-lowering effect would be a substantial development in 

treatments to reduce hypertension. Furthermore, there was good compliance with the 

beetroot supplement provided, which is important for the application of this food to 

longer-term intervention studies. 

 

Longer-term supplementation with beetroot also shows promise as a beneficial 

dietary component for gut and cognitive health, which recent evidence suggests may 

be linked (Leung & Thuret, 2015). Beetroot consumption was found to increase total 

SCFA production, which is a marker for overall gut health due to the effect of SCFAs 

such as butyrate and acetate on inflammation, gut wall integrity and cancer cell 

apoptosis. Butyrate specifically has anti-inflammatory actions on both the gut and the 

brain (Noble et al., 2017) and concentrations were found to rise by 99% following the 

eight-week intervention period. This is particularly important in older adults, as this 

populations has lower levels of butyrate due to a reduction in the bacteria that 

produce it (Biagi et al., 2013). Beetroot consumption had an additional effect on gut 

bacterial with analysis displaying an increase in diversity compared with the control 

food. More diversity in gut bacteria may increase numbers of SCFA-producing 

bacteria and therefore improve gut health. Overall, these benefits to gut health are 

likely to due to the prolonged intervention period and would not be evident in an 

acute setting. Similarly, any improvements to cognitive function that are linked to the 

gut microbiome would manifest after long-term supplementation. However, 

improvements in cognition function with dietary nitrate have been linked to increased 

CBF due to a rise in NO production (Presley et al., 2011; Wightman et al., 2015). In 

this thesis, cognitive function was not assessed acutely, so it is unclear as to the 

effects of whole beetroot in this setting. However, the eight-week intervention with 

beetroot was found to improve indices of cognitive function related to speed i.e. 

cognitive reaction time and memory retrieval speed. This may be related to the 
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chronic rise in plasma nitrate seen in Chapter 4 or the increase in SCFA production 

and bacterial diversity in the gut. Whilst cognitive decline into old age cannot be 

prevented, it may be possible to slow the rate of decline and improvements in 

cognitive reaction time could prove beneficial to ADLs and independence in later life.  

6.4 Public health perspectives 

One major benefit of the research conducted during this thesis is the applicability of 

results in a real-world setting. Although beetroot has been reformulated into a 

number of products such as gels and juices, the acceptability and benefit of these 

supplements long-term is debatable. These products are a more concentrated form 

of dietary nitrate and other potentially active compounds but they lack fibre, are 

higher in sugar and are costlier than the whole vegetable. This study found that 

whole beetroot was well tolerated both acutely and over a more prolonged period, 

with high compliance with the interventions in both studies. The consistent 

consumption of whole beetroot for longer than eight weeks may then be tolerable 

both for future research interventions and in the everyday diet of the population.  

 

In young participants, the consumption of whole beetroot acutely lowered SBP by up 

to 7.3mmHg and DBP by up to 5.1mmHg, which, if maintained, would significantly 

lower the risk of stroke and CHD (Collins et al., 1990). The longer-term study in 

Chapter 4 demonstrated a reduction in SBP by 7.8mmHg in an older population. As 

between 45% and 66.5% of adults over the age of 55 are class as hypertensive, a 

reduction in SBP to the extent demonstrated here could reduce some of the burden 

and risk of hypertension in the UK. More long-term studies are required to fully 

elucidate the chronic blood pressure-lowering effects of dietary nitrate. 

 

Another public health concern is the lack of fibre intake in the general population and 

the negative effects of this on the GI system (Kendall et al., 2010; Marlett et al., 

2002). As mentioned, processing of beetroot, and many other vegetables and fruit, 

into juices and other concentrated forms removes fibre and limits the scope of the 

benefits of consuming these products. Vegetables in their whole form offer benefits 

beyond the activity of an isolated compound, combining fibre with synergistic effects 

of antioxidants, phenolic compounds and vitamins and minerals. The study in 

Chapter 4 was the first to examine the effects of whole beetroot on the gut 
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microbiome but the promising results suggest an improvement in markers of gut 

health. With research on the importance of the gut to overall health in its early 

stages, the preliminary results shown here may lead to significant developments in 

the research surrounding population health. 

6.5 Future research 

While a number of interesting findings emerged from the studies in this thesis, there 

are also areas that warrant further investigation and replication. As mentioned, the 

lack of effect on blood pressure in the old group compared to the young merits 

exploration into the mechanisms behind age-related differences in the nitrate-nitrite-

NO pathway. One such mechanism is the uptake of nitrate into the salivary system, 

which is regulated by the nitrate-transporter sialin. While it was outside the scope of 

this thesis to investigate this transporter specifically, future research on the saliva 

samples taken may begin to elucidate the mechanisms behind the lower plasma 

nitrite levels evident in an ageing population. 

 

Despite in vitro and rodent studies illustrating the potent effects of betalains from 

beetroot and other foods such as the protection of red blood cells and LDLs from 

oxidation (Esatbeyoglu et al., 2015; Sawicki et al., 2016), their low bioavailability and 

the lack of standards for analysis have limited the scope of research in human 

intervention studies. The antioxidant capacity of betalains may be important in the 

cerebrovascular system, which is particularly vulnerable to oxidative stress, and in 

older populations in which oxidative stress is concomitant with the ageing process. 

Therefore, specific analysis into plasma levels of betalains or the accumulation of this 

compound in areas susceptible to oxidative stress may benefit the body of research 

on beetroot. Furthermore, on a similar note, research into the low-grade inflammation 

associated with ageing and therapeutic approaches to reducing it may affect markers 

of functional capacity. Justice et al. (2015) suggest that improvements seen in motor 

function in old mice may be related to a reduction in low-grade inflammation in the 

muscles; this analysis could be replicated in human volunteers. 

 

The investigation into cognition in this study could have benefitted from the 

assessment of cerebral blood flow (CBF) and further investigation into the correlation 

between CBF and cognitive function following beetroot supplementation. Wightman 
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et al. (2015) for example, found heightened CBF acutely following beetroot juice 

consumption and subsequent improvements in cognitive function. It is unclear as to 

whether chronic improvements in cognition, potentially related to a persistent 

increase in circulating nitrate, would be correlated with CBF but it is worthy of further 

examination. 

 

A limit to the application of this series of investigations in public health, and one that 

was mentioned in relation to functional capacity, is the use of healthy participants 

throughout. A healthy cohort allowed for an accurate representation of the age-

related differences in pharmacokinetics and bioavailability in this thesis but limits the 

application in diseased populations. Continuing the investigations from this thesis into 

populations with hypertension or cognitive impairment may demonstrate additional 

benefits of beetroot consumption or highlight further deficits in the nitrate-nitrite-NO 

pathway with age-related disease. Either way, studies including more at-risk 

populations would increase the applicability of the work on beetroot and physiological 

outcomes. 

6.6 Conclusion 

In conclusion, the series of investigations in this thesis have provided evidence that 

whole beetroot is a well-accepted intervention food that can effectively raise nitrite 

and NO levels in both young and old populations. Furthermore, prolonged 

consumption of this vegetable can have a positive effect on blood pressure, gut 

bacterial diversity and cognitive function, making it a beneficial and under-used whole 

food and dietary staple. The mechanisms behind the nitrate-nitrite-NO pathway that 

lead to physiological benefits following beetroot consumption need to be further 

explored in an ageing population and in those more at risk of the deleterious effects 

of low NO availability such as cognitively impaired and hypertensive patients. 
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Appendix A: Confirmation of NHS ethical approval 
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Appendix B: Participant information sheet 

 
Participant Information Sheet 
 
Title of project: Bioavailability of phenolic compounds, betalain and inorganic 
nitrate following incremental portions of whole beetroot in older and younger 
adults. 
 
You are invited to participate in this dietary intervention study. Please take 
time to read the following information carefully. It explains why the research is 
being done and what it involves. If you have any questions about the 
information, please just ask for further explanation. Thank you for reading this. 
Discuss with others if you wish and please take time to decide whether you 
would like to take part. 
 
PART 1 
 
What is the purpose of the research project? 
 
Ageing has an effect on many systems in the body, including the ability to 
breakdown and utilise compounds within food. Beetroot is rich in nitrate and 
polyphenols, and these can have beneficial effects on the body. Younger and 
older adults however, may process these compounds differently and therefore 
their beneficial effects can be attenuated. The aim of this study is: 1) to 
assess the availability of compounds following consumption of beetroot or a 
dose of inorganic nitrate 2) to assess the effect of these compounds on 
vascular function 
 
Why have I been chosen? 
 
You have been chosen because you are healthy and of a suitable age to take 
part in this study. The project will involve 30 participants in total.  
 
Do I have to take part? 
 
Your participation is entirely voluntary and all results will be strictly 
anonymous. If you decide to take part you are still free to withdraw at any time 
without reason and without your medical care being affected. If you do decide 
to take part, you will be given this information sheet to keep and be asked to 
sign a consent form. 
 
What will the research project involve? 
 
We will contact you by phone to answer any questions you may have about 
the study. We will then ask you some questions about your medical history to 
check whether you can participate. You will not be included in the study if you 
have any medical conditions or are taking medications that will affect the 
measurements in the study. If you are a suitable participant, you will be invited 
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to attend the Clinical Research Facility (CRF) at the Royal Victoria Infirmary 
where the study will take place.  
 
Initial screening: You will arrive at the CRF for an initial screening visit, which 
should take no longer than 45 minutes. We will go through the participant 
information sheet and answer any questions. After having had time to make a 
decision, you will be asked to sign a consent form stating that you would like 
to take part in this research study. We will go through a short medical history 
questionnaire, measure your height and weight to calculate your BMI, and will 
take a resting blood pressure measurement. These results will be needed to 
decide whether you can be included in the study or not. If your BMI and blood 
pressure readings are outside a specific range, you will not be able to take 
part in the study. The visit will then conclude by taking a blood sample, which 
will amount to about two teaspoons in volume. We will provide you with all the 
information and materials necessary to continue the study. You will be asked 
to attend the CRF on a further four occasions, separated by around seven 
days, for further testing. Before each of the four visits, you will be provided 
with an evening meal to consume the day before. You will be asked to follow 
a restricted diet in the two days leading up to each visit and on the day before 
the first visit we will ask you to collect urine samples. You will also be asked to 
refrain from using anti-bacterial gum and mouthwash for the duration of the 
study. 
 
Study visits: You will attend the CRF in the morning and your blood pressure, 
blood flow and anthropometric measurements will be taken, along with a 
blood, urine and saliva sample. You will be given breakfast and will then be 
asked to consume a set amount of beetroot (100g, 200g or 300g) or will be 
given a dose of potassium nitrate in a solution. Over the next 5 hours, blood 
pressure, blood flow, and blood, urine and saliva samples will be taken at 
regular intervals. You will be fitted with a cannula for blood samples, which 
may cause slight discomfort when initially inserted but should be painless 
once in place. After the last sample has been taken, you will receive lunch 
and will then be free to leave. You will be provided with your evening meal to 
consume for that day and some sample pots to measure your urine and saliva 
over the following 12 hours. This protocol will be repeated on the following 
three visits. During the study you will be asked to complete a food diary, 
physical activity questionnaire and complete a survey to assess your 
enjoyment of the beetroot provided.  
 
Measurements and samples taken 
 
10ml of blood (about two teaspoons) will be taken at seven time points during 
the visit, to analyse the compounds in the blood following beetroot or 
potassium nitrate consumption. 70ml of blood will be taken in total for each 
visit. Blood samples will be taken using a cannula that will be inserted into 
your arm for the entirety of the visit. You will also be asked to provide urine 
and saliva samples at similar time points, which will involve simply depositing 
a sample into a designated container. Your blood pressure will be measured 
using an inflatable cuff similar to the one used in GP surgeries. We will 
measure your blood flow at the start, middle and end of the testing period, 
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using a non-invasive technique called post-occlusive reactive hyperaemia. 
This will assess whether the beetroot or potassium nitrate that you consume 
has any impact on the width of your blood vessels and how much blood flows 
through them. The final measurement will be the amount of nitric oxide that 
you exhale in your breath, called fractional exhaled nitric oxide (FeNO). 
Everyone exhales nitric oxide normally but we know that the amount you 
exhale can be influenced by diet and the amount of nitrate consumed. We will 
measure your FeNO at seven time points throughout the visit by asking you to 
breath into a handheld sensor.  
 
Expenses and payments 
 
You will receive a one-off voucher worth £100 on completion of the study, as 
long as you have completed all four visits, as compensation for your time. In 
addition, some meals will be provided the day before and day of each visit. 
Reasonable travel costs to and from the CRF will also be covered.  
 
What do I have to do? 
 
You will be asked to follow a low-nitrate and low-polyphenol diet for the two 
days leading up to each study visit and your evening meal will be provided on 
the day before each visit. A list of foods and beverages to avoid will be 
provided. You will also be given breakfast and lunch when attending the CRF 
on each day and will be provided with a meal to consume at the end of the 
visit day.  
 
What data do I need to supply? 
 
We will require your name and address or email for correspondence and for 
transport. Your details will not be linked to that data collected during the study. 
We will require your age to determine your eligibility for the study and will ask 
you for details of your medical history during a telephone screening call.  
 
What are the side effects of the treatment when taking part? 
 
Consumption of beetroot can cause beeturia, turning your urine and/or stool a 
red or pink colour. This is harmless and completely normal.  
 
Are there any other possible disadvantages of taking part? 
 
Giving up time to participate must be considered. We will be taking blood from 
a vein in your arm by inserting a cannula and it is possible that you might 
experience slight discomfort when it is being placed in the arm and/or bruising 
when it is taken out. You will be asked to follow a restricted diet in the run up 
to testing, which may be very different to your normal diet. 
 
What are the possible benefits of taking part? 
 
Beetroot counts towards your 5-a-day, so you will be giving your day a small 
health boost. Beetroot has also been found to acutely reduce blood pressure, 
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which has many benefits to health. You will have your height, weight, waist 
circumference and body fat percentage measured, which are useful to know. 
 
What happens at the end of the research project? 
 
At the end of the project, we will be able to inform you of the results of the 
study. Results will be presented with the intention to publish in scientific 
journals. All results will be presented as grouped data and your individual 
results will not be identifiable. 
 
What if there is a problem? 
 
If you have a concern or complaint about any aspect of the study, Prof Emma 
Stevenson will deal this with immediately. You can contact her on 0191 208 
7865 or write to her at the address detailed below. Medical staff are always on 
hand in the Clinical Research Facility.  
 
If you prefer to raise your concerns with someone not involved in your care, 
you can contact the Patient Advice and Liaison Service (PALS). This service 
is confidential and can be contacted on Freephone: 0800 032 0202 
 
Alternatively, if you wish to make a formal complaint you can contact the 
Patient Relations Department through any of the details below: 
 
Telephone: 0191 223 1382 or 0191 223 1454 
Email: patient.relations@nuth.nhs.uk 
Address: Patient Relations Department, The Newcastle upon Tyne Hospitals 
NHS Foundation Trust, Freeman Hospital, Newcastle upon Tyne, NE7 7DN. 
 
Will my taking part in the project be kept confidential? 
 
Yes, we value your input to this project and all data gathered from you will be 
treated in the strictest of confidence. Only members of the research team will 
have access to the data, which will be stored for 5 years, and the results will 
be anonymous so you cannot be directly identified. Also, although the results 
may be published, your data will be compiled with others and available as an 
average, so again you cannot be identified. 
 
What will happen to the results of the research study? 
 
You will not be identified in any report or publication. You will be given a copy 
of the results once they are published if you wish.  
 
Who has reviewed the study? 
 
This study has been internally reviewed by the research team at Newcastle 
University and ethical review of the study has been conducted by East of 
England – Cambridge Central Research Ethics Committee.  
 
Who are the contacts for further information? 

mailto:patient.relations@nuth.nhs.uk
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Tess Capper 
MoveLab, 4th Floor William Leech Building 
Newcastle University 
NE2 4HH 
0191 208 8264 
 
Prof Emma Stevenson 
Room 4.078, 4th Floor William Leech Building 
Newcastle University 
NE2 4HH 
0191 208 7865 
 
PART 2 
 
What if relevant new information becomes available? 
 
If new information is published during the course of a study, this can 
sometimes change how the research should go forward. If this happens, you 
will be notified immediately and the study will be altered accordingly.  
 
Will anyone else know that I’m doing this? 
 
We will inform your GP that you will be taking part in this study. Only 
members of the research team will have access to the data. All information 
that is collected during this research study will be kept strictly confidential and 
your name and address will be removed so that you cannot be recognised 
from it. Any information you give or data collected will be retained for a 
maximum duration of 5 years.  
 
What will happen if I don’t want to carry on with the study? 
 
You will be able to withdraw from the study at any time. Measurements 
already made would still be used if you were to agree to this.  
 
What will happen to samples taken in the study? 
 
We will take samples of blood, urine and saliva during this study. Because we 
cannot analyse all of the samples straightaway, we will need to place some of 
the samples in storage. Samples will be taken, processed and then frozen 
and stored in a controlled-access freezer in the Clinical Research Facility. 
Each sample will be anonymised using a unique participant code and cannot 
be traced back to the individual. After samples have been fully analysed they 
will be destroyed.  
 
What will happen to data from this study? 
 
Personal data will be stored in medical notes created at the Clinical Research 
Study for use during the study. Only members of the research team will have 
access to this information and hard files will be stored in a secured filing 



 
 

 227 

cabinet behind controlled-access doors. Personal data will be anonymised by 
the Chief Investigator and thereafter only codes will be used to identify 
participant data. Clinical data will not be released to anyone other than the 
research team. All study data will be analysed at Newcastle University by 
members of the research team using statistical software. Dr Daniel West 
(Chief Investigator) will act as custodian for the data generated by the study. 
After the study has ended, files will be stored under password protection and 
in locked cabinets and archived appropriately.  
 
Who is organising and funding the research? 
 
This project is funded by Newcastle University as a PhD studentship. The 
design and organisation of the study is the responsibility of Tess Capper, Prof 
Emma Stevenson and Dr Mario Siervo, the latter of whom is recognised as an 
expert in this field.  
 
Design of this information sheet 
 
This document is written in accordance with the requirements of the European 
Clinical Trials Directive 2001/20/EC, the ICH Good Clinical Practice guidelines 
and the UK Medicines for Human Use (Clinical Trials) Regulation 2004.  
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Appendix C: Power calculation, Chapters 2 and 3 

The study found overall greater concentrations of plasma nitrate in younger 

compared to older individuals over a 3-hour sampling period and the 

estimated effect size f (partial η2) for a within-between repeated-measure 

ANOVA was 0.03 (0.175). Using these parameters in the same ANOVA 

model, we calculated that 12 participants per group (90/8=11.25) would be 

needed to detect a significant difference between doses and age groups with 

a power of 80% and P<0.05.  Sample size calculations were performed using 

G Power 3.1 for Windows. 

 
F tests - ANOVA: Repeated measures, within-between interaction 

Analysis: A priori: Compute required sample size  

Input: Effect size f = 0.1758631 

 α err prob = 0.05 

 Power (1-β err prob) = 0.80 

 Number of groups = 8 

 Number of measurements = 8 

 Corr among rep measures = 0.5 

 Nonsphericity correction ε = 0.5 

Output: Noncentrality parameter λ = 22.2680376 

 Critical F = 1.6481176 

 Numerator df = 17.5000000 

 Denominator df = 294 

 Total sample size = 90 

 Actual power = 0.8319245 
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Appendix D: Nitrate intake questionnaire, chapters 2 and 3 

NITRATE INTAKE QUESTIONAIRE 

We are interested in finding out about the amount of nitrate containing food that 
people consume as part of their everyday lives.  The questions will ask you about the 
types and frequency of food you consume in the last 7 days.  Think about all the 
foods you ate in the last 7 days. Please answer each question or ask the 
investigators in this study if there are any questions that you are still unsure of.   
 
Please tick on every line. 
 
During the last 7 days how many times did you eat the following foods ?  

 
Food Type      Frequency   
         Portion Size 
a. Green leafy vegetables            Everyday        

Small 
(Broccoli, cabbage, spinach, lettuce, etc.)                 4 – 6 days  
      Medium 
             2 – 3 days        
Large 
             0 – 1 day 

 
       Frequency  
 Portion Size 
b. Aubergine, courgette, turnip, pumpkin         Everyday        

Small 
        4 – 6 days        

Medium 
            2 – 3 days        
Large 
            0 – 1 day 
 

Frequency   
   Portion Size 

c. Canned Products           Everyday        
Small 
(Canned corn, canned peas, canned tomatoes,                4 – 6 days  
      Medium 
etc.)                                        2 – 3 days  
      Large 
            0 – 1 day 
 

Frequency   
   Portion Size 

d. Cured Meat and/or bacons          Everyday        
Small 
                 4 – 6 days        
Medium 
             2 – 3 days        
Large 
             0 – 1 day 
 

Frequency  
 Portion Size 
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e. Mature cheese              Everyday        
Small 
                 4 – 6 days        
Medium 
             2 – 3 days        
Large 
             0 – 1 day 
 

Frequency  
 Portion Size 

f. Beet and beetroot             Everyday        
Small 
                 4 – 6 days        
Medium 
             2 – 3 days        
Large 
             0 – 1 day 

 
 
Please tick every line 
During the last 7 days how many times did you eat the following foods?  

FOOD TYPE FREQUENCY 

 Everyday 4 – 6 days 2 – 3 days 0 – 1 day 
1. Fresh Cheese 

• Brie 
• Ricotta 
• Cream Cheese 
• Mozzarella 
• Others 

 

 

 
 
 

   

2. Cereals 
• Potatoes 
• Pasta 
• Rice 
• Breakfast Cereals 
• Bread 
• Savoury Biscuits 

 
 
 
 
 
 
  

   

3. Meat & Fish 
• Turkey 
• Chicken 
• Beef 
• Pork 
• Fish  
• Other 

 
 
 
 
 
 

   

4. Legumes 
• Bean 
• Peas 
• Chickpeas 
• Lentils 

    

5. Vegetables 
• Carrot 
• Cucumber 
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• Pepper 
• Tomato 
• Mushroom 
• Cauliflower 

 
 

FOOD TYPE FREQUENCY 

 Everyday 4 – 6 days 2 – 3 days 0 – 1 day 
6. Fruits 

• Apples 
• Banana 
• Strawberries 
• Peach 
• Berries 
• Others 

    

7. Sweets 
• Chocolate 
• Cakes 
• Sweets 
• Biscuits 
• Ice Cream 

    

8. Sauces 
• Ketchup 
• Mayonnaise 
• Others 

 

 

 

 

 

 

 

 

9. Dairy Product 
• Milk 
• Yogurt 

    

10. Drink 
• Caffeinated 
• Non – caffeinated  
• Soft Drinks 
• Fruit Juice 

    

 
 

THANK YOU FOR TAKING YOUR TIME TO COMPLETE THIS QUESTIONAIRE 
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Appendix E: Visual analogue scale, chapters 2 and 3   
  

The palatability of the dietary intervention – beetroot 
 

This questionnaire is designed to assess how much you enjoyed the beetroot 
given to you in this visit. Please make a mark on the lines under each title 

according to how you felt about each aspect of the intervention. 
 
 

Visual appeal 
 
 

0 1 2 3 4 5 6 7 8 9 10 
Dislike very much           Like very much
           

 
Smell 

 
 

0 1 2 3 4 5 6 7 8 9 10 
Dislike very much           Like very much
     

Taste 
 

 
0 1 2 3 4 5 6 7 8 9 10 

Dislike very much           Like very much
            
 

Texture 
 

 
0 1 2 3 4 5 6 7 8 9 10 

Dislike very much           Like very much
          

 
Aftertaste 

 
 

0 1 2 3 4 5 6 7 8 9 10 
   None               Much 
 

Volume of food 
 
 

0 1 2 3 4 5 6 7 8 9 10 
Too much
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Appendix F: Section of food diary and restricted food list 

 
DAY 1 (48 hours pre-trial 1) 
Date:        /              /  
 
Please use a separate line for each item eaten; write in weight of plate; leave a line between different ‘plate’ entries. 

A B C D E F 

 

Time Food eaten Brand name of 
each item 
(except fresh 
food) 

Full description of each item including: 
- fresh, frozen, dried, canned 
- boiled, grilled, fried, roasted 
- type of fat used for cooking 

Weight 
Served 

Weight of 
Leftovers 

Actual 
Weight 

am/pm home away  
(gms) 

 
(gms) 

 
(gms) 

        
        
        
        
        
        
        
        
        
        
        
        
        
        
        

 
 

 
Dietary restrictions 

 
The foods below are high in specific polyphenols (antioxidants) and 
nitrate/nitrite so we would like you to avoid them in order to ensure that any 
changes that we see in your samples are directly a result of the beetroot or 
nitrate intervention. If you come across any other foods that you know are 
high in nitrate or antioxidants, then please avoid these too. 
 

Foods that should be AVOIDED: 
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• Tea, coffee, hot chocolate and alcohol (especially red wine, beer and 
apple cider) 
 

• Fruit juice (especially Ribena) and soft drinks (coca cola etc.) 
 

• Fruits (especially apples, pears, apricots, prunes, plums, cherries, 
peaches, blueberries and grapes) 
 

• Vegetables (especially tomatoes, asparagus, cabbage, turnips, leek, 
garlic, carrots, peppers, onions, broccoli, cauliflower and beetroot) 

 
• Salad leaves and vegetables – spinach, rocket, lettuce, chard, 

radishes, cucumber, spring onion, celery and Chinese cabbage 
 

• Chocolate and chocolate products 
 

• Wholemeal, granary and brown bread, pasta and rice 
 

• Wholegrain cereals – Weetabix, Bran Flakes, Corn Flakes, oats, muesli 
 

• Beans (baked beans and green beans), lentils and peas 
 

• Curry dishes and spices (paprika, turmeric etc.) 
 

• Herbs – parsley, dill, basil, coriander, chives etc. 
 

• Tomato sauce (ketchup, pasta sauce) 
 

• Cured meats (bacon, sausages, salami, ham, chorizo and hot dogs) 
 
 

Foods that you may eat: 
 

• White bread 
• Butter, vegetable oil (avoid olive oil) 
• White pasta, rice and noodles 
• Unprocessed meat, fish and seafood 
• Eggs 
• Peeled white potatoes (mashed, chips, roasted) 
• Mushrooms 
• Digestive biscuits, rich teas, shortbread and other plain biscuits 
• Milk and milk products (plain yoghurt, mild cheese) 
• Pastry 
• Custard and rice pudding 
• Ready salted crisps 
• Vanilla ice-cream 
• Vanilla milkshake 
• Plain scones with butter/cream (no jam) 
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You can drink water at all times 
 
 
We are aware that it may be difficult for you to follow such a diet, as it 
may differ substantially from your normal diet. The reason we ask you to 
change your normal diet is that the foods listed above contain similar 
components to what we would like to test during the intervention. 
Therefore, if you do eat the foods above, it may interfere with the study. 
 
 
Example diet 
 
Breakfast: 

• White toast with butter 
• Yoghurt or milk 
• Eggs on toast 
• Pastries (no jam or chocolate coated) 
• Waffles, pancakes 
• Rice Crispies with milk 

 
Lunch: 

• Sandwich (white bread/bagel/pitta bread/wrap/roll) with any of the 
following fillings (no salad) 

- Chicken 
- Cheese 
- Tuna 
- Egg  
- Prawns 
- Butter 
- Mayonnaise 

• Packet of crisps (plain) 
• Burger and chips 

 
Dinner: 

• Anything from breakfast or lunch options 
• Fish and chips (no ketchup) 
• Chicken pie 
• Chicken and mushrooms with rice/potato/chips/noodles 
• Macaroni cheese 
• Tuna/salmon/cod with rice or pasta (no vegetable-based sauce) 
• Steak/pork/lamb with potatoes 
• Spaghetti with mushrooms and cream sauce 

 
Snacks:  

• Digestive/rich tea/shortbread biscuits 
• Ready salted crisps 
• Natural yoghurt 
• Toast and butter 
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Appendix G: Confirmation of university ethical approval  
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Appendix H: Chapter 2 supplementary figures 

Cumulative Excretion - young 
There was a significant effect of time (P<0.001) and intervention (P<0.001) on 

urinary nitrate excretion in the young, and an interaction between the two 

factors (P=0.001). Pairwise comparisons show that excretion was significantly 

higher following PN than 100g beetroot (+144.1mg; P<0.001; 95%CI: 80.2, 

208.0) and 200g beetroot (+122.5mg; P=0.004; 95%CI: 39.5, 205.4). Post hoc 

analyses show that all doses increased excretion over the time period (all 

P<0.05) but cumulative excretion at 12-24hours was significantly higher 

following PN than 100g beetroot (+245.6mg; P<0.001; 95%CI: 126.1, 364.9) 

and 200g beetroot (+203.6mg; P=0.01; 95%CI: 40.5, 366.7). 

 

 
Cumulative urinary nitrate excretion over 24 hours following incremental 
doses of nitrate in the young group. Data presented as mean ± SEM; n=12. 
Statistical analysis using two-factor repeated measures ANOVA 
(intervention x time). BR = beetroot, PN = potassium nitrate positive 
control. 
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Cumulative Excretion – old  
There was a significant effect of time (P<0.001) and intervention (P<0.001) on 

nitrate excretion in the old group, and an interaction between the two factors 

(P=0.001). Pairwise comparisons show that excretion was significantly higher 

following PN than following 100g beetroot (+209.1mg; P=0.001; 95%CI: 99.8, 

318.4) and following 200g beetroot (+180.9mg; P=0.003; 95%CI: 68.3, 293.4), 

and there was a notable trend following 300g beetroot (+139.0mg; P=0.08; 

95%CI: -13.9, 292.1). Excretion was significantly higher than baseline at each 

time point measured (all P≤0.001). Post hoc analyses show that cumulative 

excretion at 12-24hours was significantly greater following PN than 100g 

beetroot (+359.1mg; P=0.001; 95%CI: 161.3, 556.9) and 200g beetroot 

(309.6mg; P=0.003; 95%CI: 116.6, 502.7), demonstrating a dose response.  

 
Cumulative urinary nitrate excretion over 24 hours following incremental 
doses of nitrate in the old group. Data presented as mean ± SEM; n=12. 
Statistical analysis using two-factor repeated measures ANOVA 
(intervention x time). BR = beetroot, PN = potassium nitrate positive 
control. 
 



 
 

 239 

Excretion – young 
There was a significant effect of time (P=0.001) and intervention (P<0.001) on 

urinary excretion, but no interaction between the two factors (P=0.47). 

Pairwise comparisons show that excretion following PN was significantly 

higher than following 100g beetroot (+61.4mg; P<0.001; 95%CI: 31.5, 91.2) 

and following 200g beetroot (+50.9mg; P=0.01; 95%CI: 10.1, 91.7). Excretion 

was significantly higher at 6-12hours than at 0-3hours (+51.6mg; P=0.002; 

95%CI: 19.6, 83.1).  

 
Urinary nitrate excretion over 24 hours in the young group. Data presented 
as mean ± SEM; n=12. Statistical analysis using two-factor repeated 
measures ANOVA (intervention x time). BR = beetroot, PN = potassium 
nitrate positive control.  
 

Excretion – old 
There was a significant effect of time (P=0.006) and intervention (P<0.001) on 

urinary excretion in the old, but no interaction between the two factors 

(P=0.16). Pairwise comparisons show that excretion following PN was 

significantly higher than following 100g beetroot (+89.8mg; P=0.001; 95%CI: 

40.3, 139.2) and following 200g beetroot (+77.4mg; P=0.003; 95%CI: 29.1, 
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125.7). Excretion was significantly higher at 6-12hours than at 0-3hours 

(+36.7mg; P=0.02; 95%CI: 5.5, 67.8).  

 
Urinary nitrate excretion over 24 hours in the old group. Data presented as 
mean ± SEM; n=12. Statistical analysis using two-factor repeated 
measures ANOVA (intervention x time). BR = beetroot, PN = potassium 
nitrate positive control. 
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Appendix I: Short chain fatty acid analysis, Chapter 4 

 
 
Standard retention times for master mix internal control. Including: acetate 
(A), propionate (B), isobutyrate (C), butyrate (D), isovalerate (E), valerate 
(F) and 3MV (G). 
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Gas chromatography readout for a sample to determine concentration of 
acetate (A), propionate (B), isobutyrate (C), butyrate (D), isovalerate (E), 
valerate (F) and 3MV (G). 
 

  A 
 B 

  C 
D 

E F 

G 
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