A ‘green’ approach to cardiovascular disease: recycling inorganic nitrate and nitrite
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Fruit and vegetable‐rich diets reduce blood pressure1 and risk of ischaemic stroke2 and ischemic
heart disease3. Whilst the cardioprotective effects of a fruit and vegetable‐rich diet are unequivocal,
the exact mechanisms of this effect remain uncertain. Recent evidence has highlighted the possibility
that dietary nitrate, an inorganic anion found in large quantities in vegetables (particularly green
leafy vegetables), may have a role to play. This beneficial activity lies in the processing in vivo of
nitrate to nitrite and then nitrite to the pleiotropic molecule nitric oxide (NO). NO in turn exerts a
range of beneficial effects on the cardiovascular system including lowering of blood pressure,
suppression of inflammation and prevention/retardation of atherosclerosis. This range of bioactivity
essentially endows NO with anti‐hypertensive and anti‐atherosclerotic activities that protects
individuals from hypertension and associated cardiovascular disease4. The possibility that provision
of nitrate may offer a mechanism for elevating beneficial NO that might, in particular, lower blood
pressure is therefore an exciting prospect.

Despite the substantial advances made in anti‐hypertensive pharmacotherapy, it is estimated that
globally by 2025 there will be 1.5 billion people with hypertension5. The significance of this
observation is fully appreciated when one considers that ~50% of all heart attacks and ~60‐70% of all
strokes occur as a direct consequence of raised blood pressure. Indeed, at a population level it has
been estimated that as little as a 2mmHg increase in systolic blood pressure increases mortality due
to ischaemic heart disease and stroke by 7% and 10% respectively6. Furthermore, of considerable
concern is that, over the past 3 decades, the numbers of patients with uncontrolled essential
hypertension is rising7. Thus, whilst pharmacotherapy plays an important role in the therapeutics of
hypertension, there is a pressing need for identification of alternative but also preventative
strategies that are both effective and easily achievable. This imperative has renewed interest in
identifying approaches that take advantage of the beneficial effects of diets rich in fruit and
vegetables8, particularly since epidemiological9, cohort2,3 and trial data1,10 demonstrate that
increased consumption of a vegetable‐rich diet protects against various forms of CVD, including
hypertension1. In addition the focus, in part, stems from a perception that dietary interventions may
be more acceptable and achievable for many patients. In particular, such an option may provide an
alternative that could prove useful in the ~30‐40% of treated hypertensives that remain with
elevated blood pressures despite their pharmacotherpy11. Importantly, whilst some of these
individuals likely have what is termed ‘resistant hypertension’ (recent estimates suggest ~9% in the
US12), for many of these individuals it is thought that compliance plays a significant contribution13.
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Large‐scale clinical trials of several different nutrients found in vegetables including antioxidant
vitamins and folate have failed to show a beneficial cardiovascular effect14‐16. As such attention has
focused on other components of vegetables that may have a role, including inorganic nitrate17,18.
Interestingly, the first published evidence of potential positive effects of inorganic nitrate on blood
pressure date back to 1927 when Stieglitz published his observations that bismuth subnitrate
lowered blood pressure in individuals with raised blood pressure19. Stieglitz published further
observations confirming his original findings in specific cohorts20, however the concept appeared to
lose favour with publication of some dissenting observations21. In 2006, however, the concept was
revived by Lundberg and Weitzberg and colleagues, who conducted a well‐controlled clinical study
i.e. double blind placebo control, that enabled clear cut assessment of potential bioactivity. This
group demonstrated that supplementation of healthy volunteers with sodium nitrate
(0.1mmol/kg/day) for 3 days resulted in a decrease in diastolic (DBP) of ~3mmHg22.

More recently, we extended the above observations to determine whether dietary nitrate might
offer similar bioactivity to nitrate salt supplementation. We used beetroot as our vehicle to deliver a
dietary nitrate dose. Beetroot is a high nitrate‐containing vegetable and, indeed, in our study a
relatively high dose of 22.5 mmol was delivered, and a number of outcomes measured over the
following 24 hours. A single dose of dietary nitrate lowered both SBP and DBP with the peak effect of
10/8 mmHg occurring approximately 2.5‐3 hours following ingestion and blood pressure remaining
lowered at the 24 hour time‐point23. We then conducted a second study assessing the dose‐response
relationship as well as demonstrating that nitrate salt supplementation exerted an almost identical
profile of bioactivity both in terms of the magnitude of the effect and dose‐response relationship24.
Importantly, we discovered that the threshold dose for blood pressure lowering in healthy volunteers
was ~4 mmol which equates to just above the recommended daily amount of 4.2 mmol per day in a
70 kg individual (3.7mg/kg/day25). These effects of nitrate upon blood pressure are thought to be
mediated by its sequential reduction to nitrite and then NO. NO in turn activates the enzyme soluble
guanylate cyclase elevating cGMP levels, ultimately resulting in the relaxation of vascular smooth
muscle, vasodilation and therefore decrease in blood pressure. Involvement of this pathway in the
blood pressure lowering effects of dietary nitrate is supported by observations of nitrate‐induced
rises in circulating cGMP levels after either dietary or salt supplementation and by increases in
vascular compliance, reflecting smooth muscle relaxation26. In addition to lowering blood pressure,
we also demonstrated that both dietary nitrate ingestion or nitrate salt supplementation provided
protection of the endothelium from ischaemia‐reperfusion (IR)‐induced endothelial damage as well
as a suppression of platelet reactivity assessed ex vivo23. Together, such a profile of activity would
suggest that dietary nitrate might prove useful in the therapeutics of cardiovascular disease.

The activity of orally ingested inorganic nitrate lies in its conversion to nitrite by facultative bacteria
found on the dorsal surface of the tongue27,28, the same pathways that have been proposed to
underlie the potential detrimental effects of nitrate29. The swallowing of nitrite‐rich saliva permits
entry of nitrite into the circulation via the stomach and then, once within the circulation, nitrite can
be converted to the potent vasodilator nitric oxide (NO)24,30‐32.Indeed, in our work with beetroot we
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demonstrated that preventing this ‘enterosalivary’ circuit, by asking volunteers not to swallow their
saliva for 3 hours following ingestion of beetroot, completely prevented the rise in circulating nitrite
associated with nitrate ingestion as well as block of the decrease in blood pressure23. These findings
are in accord with previous observations demonstrating that destruction of oral bacteria using an
antibacterial mouthwash abolishes conversion of nitrate to nitrite in the oral cavity as well as blocks
the consequent rise in circulating nitrite levels following sodium nitrate salt supplementation33,34.

An important consideration is that the beneficial effects of inorganic nitrate result in modest rises in
circulating nitrite i.e. no more than a doubling of circulating nitrite levels. Since baseline circulating
nitrite is thought to lie somewhere in the region of 20‐400nM (for review35), the biological effects of
nitrate are evident with circulating nitrite concentrations, at the very most, in the low μM realm.
Importantly, acutely such rises in circulating nitrite are not associated with any overt toxicity such as
met‐haemoglobinaemia36. Certainly, searches of the literature suggest no evidence that consumption
of high nitrate containing vegetables is associated with met‐haemoglobinaemia or any other negative
aspects of activity that have been purported to be associated with inorganic nitrate ingestion either.
Whether long term ingestion of a daily dietary nitrate load might result in any toxicity is uncertain,
although to date no clear cut prospective evidence supporting the view that inorganic nitrate
expresses a toxicity profile at the doses falling within the range tested in healthy volunteers exists25.

Perhaps, our recent observations in hypertensive patients might go some way to allay concerns
regarding potentially appropriate dosing regimes. We have recently demonstrated that despite
4mmol having little to no effect upon blood pressure in healthy volunteers, that in individuals with
Grade 1 hypertension (i.e. SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg) a single dose just below this
level (i.e.~3.5mmol) causes an average decrease in blood pressure of ~12/10 mmHg. Such a dose of
nitrate clearly sits at the recommended daily consumption amounts and therefore poses perhaps less
concern regarding potential, albeit unlikely, toxicity. As in healthy volunteers, the peak effect
occurred at 2.5‐3 h in parallel with the rise in circulating nitrite concentration, but also with
significant blood pressure lowering still evident at 24h (~60% of the peak effect)37. This increased
potency is in part due to an upregulation in the expression and activity of a key nitrite reductase in
hypertensive patients, an enzyme called xanthine oxidoreductase37. We have hypothesised that this
upregulation results in a greater conversion of circulating nitrite to NO within the blood vessel. We
have just completed a double‐blind placebo controlled study investigating the effect of this same
once a day dose for 4 weeks in patients with hypertension. To date the dietary nitrate has been well‐
tolerated with no adverse effects reported. The results of this study will determine whether the
effects of dietary nitrate on blood pressure can be sustained for longer periods of time
(Clinicaltrials.gov identifier: NCT01405898).

Since, we published our initial observations with dietary nitrate there have been a number of studies
that have confirmed the blood pressure lowering effects of an acute dietary nitrate load in various
cohorts ranging from elite athletes to patients with peripheral vascular disease38,39. In addition, a
particularly intriguing series of findings demonstrating that inorganic nitrate might also improve
mitochondrial oxygen utilisation38,40 raise the prospect that in addition to the potential beneficial
16

effects for hypertensives, individuals with conditions such as heart failure may benefit from
improved dietary nitrate intake. Such observations provide encouraging support for the thesis that
dietary nitrate expresses a range of attributes that need to be considered when assessing the
risk:benefit ratio of dietary ingestion.

In sum, the demonstration that dietary nitrate expresses a range of activities that result in positive
outcomes upon the cardiovascular system support the need for a reappraisal of risk:benefit ratio in
determining acceptable levels of dietary intake.
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