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Abstract
Purpose of review To reveal the mechanisms of nitric oxide (NO) production in humans and how lifestyle, drug therapy, and
hygienic practices can decrease NO production. Furthermore, to show how functional nitric oxide nutrition can overcome these
limitations to restore endogenous NO production and combat cardiovascular disease.
Recent findings Research over the past decade has revealed that inorganic nitrate and nitrite found naturally in green leafy
vegetables and other vegetables such as beets can provide the human body with a source of bioactive nitric oxide. NO is one of
the most important molecules produced within the cardiovascular system that maintains normal blood pressure and prevents
inflammation, immune dysfunction, and oxidative stress, hallmarks of cardiovascular disease. This pathway is dependent upon
the amount of inorganic nitrate and nitrite in the foods we eat, the presence of oral nitrate-reducing bacteria, and sufficient
stomach acid production.
Summary The concept of food being medicine and medicine being food has lost its place in the practice and implementation of
modernmedicine over the past century. Certain dietary patterns and specific foods are known to confer very significant protective
effects for many human diseases, including cardiovascular disease, the number one killer of men and women in the developed
world. However, identification of single or multiple bioactive molecules that are responsible for these effects has escaped
scientists and nutritionists for many years. This review will highlight the biochemical, physiological, and epidemiological basis
for functional nitric oxide nutrition that can be safely and effectively utilized in patients.
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Introduction

Cardiovascular Disease: Are we Doing Enough?

Despite advances in diagnostic and imaging modalities to de-
tect early stages of cardiovascular disease (CVD) and many
new drugs approved for treating symptoms of CVD such as
hypertension, hyperlipidemia, diabetes, etc., heart attacks and
strokes still remain the number 1 and number 3 killer of men
and women worldwide, respectively. Over 600,000 people die
of heart disease every year. Each minute of every day, some-

one dies from an event due to heart disease. The amount of
people dying from cardiovascular disease is equivalent to four
jumbo jets crashing and killing everyone on board every sin-
gle hour of every single day each year. These statistics are
unacceptable, especially since science has revealed the cause
of cardiovascular disease and that it can be mitigated by diet
and lifestyle. Moderate physical exercise and a diet rich in
vegetables is proven to prevent or even reverse heart disease
[1–3]. The mechanism of action of both physical exercise and
a vegetarian diet is activation and promotion of nitric oxide [4,
5, 6••]. Hypertension, the number one modifiable risk factor
for development of cardiovascular disease, is poorlymanaged.
In the USA, about 78 million (1 out of every 3) people have
high blood pressure or hypertension. Another one out of three
have pre-hypertension (CDC fact sheet). That puts over 150
million Americans at risk for heart disease. Despite major
advances in understanding the pathophysiology of hyperten-
sion and availability of antihypertensive drugs, suboptimal
blood pressure control is still the most important risk factor
for cardiovascular mortality. According to the AHA 2015
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Statistics Fact Sheet, 75% of people that know they have hy-
pertension and take medication for their high blood pressure,
only about half of those are adequately managed. Since blood
pressure remains elevated in approximately half of all treated
hypertensive patients [7, 8], new safe and cost-effective solu-
tions are desperately needed.We now know from the SPRINT
trial that better management of blood pressure reduces all-
cause mortality [9]. Adding additional drug therapy is not
the solution. Loss of nitric oxide production and signaling is
the cause of hypertension [10, 11]. Providing evidence-based
nitric oxide functional nutrition may provide a simple, cost-
effective, and most importantly safe strategy for preventing,
treating, or reversing cardiovascular disease. This approach is
supported by biochemical, physiological, and epidemiological
evidence. The objective of this review is to summarize these
findings and illustrate how diet and lifestyle disrupt NO pro-
duction and, most importantly, illustrate how we can over-
come these roadblocks to normalize NO-based cell signaling
to restore normal cardiovascular function.

Nitric Oxide

The discovery of nitric oxide production in the body of mam-
mals and humans over 30 years ago opened a new field of
cardiovascular research. Now, with over 150,000 scientific
papers published on this molecule, a Nobel Prize awarded to
the three US scientists responsible for its discovery, and a
growing awareness around NO, it can no longer be ignored
by medical healthcare practitioners. Surprisingly, there have
been no hallmark therapeutic breakthroughs in terms of drug
therapy around NO. Perhaps this is due to the fact that NO
itself may not be “drugable.” NO, once produced, has a half-
life of less than 1 s [12]. NO binds to redox-active metals and
initiates its cell signaling actions, primarily through activation
of soluble guanylyl cyclase (sGC) and a subsequent increase
in cyclic guanosine monophosphate (cGMP) [10]. Redox-
active metabolites of NO can also bind to cellular thiols to
initiate cGMP-independent signaling cascades likely due to
changes in protein conformation and functionality [13].
Most drugs today are inhibitors of specific enzymatic reac-
tions. We know that it is low NO and loss of production of
bioactive NO that is responsible for cardiovascular disease, so
an enzyme inhibitor for NO is not prudent. Although phos-
phodiesterase inhibitors to inhibit the breakdown of cGMP
have been successful treatments for erectile dysfunction and
pulmonary hypertension [14, 15], 30–35% of patients fail to
respond to this therapy [16]. This is due to insufficient nitric
oxide production to activate sGC to lead to any accumulation
of cGMP. Therefore, erectile dysfunction is really a symptom
of insufficient NO production or endothelial dysfunction. This
type of vascular dysfunction occurs throughout the entire car-
diovascular system and leads to loss of regulation of blood

flow and circulation upon demand. As a result, focus should
be on restoring NO production and not downstream targets.

Loss of functional endothelial NO production, termed endo-
thelial dysfunction, precedes the structural changes in the vascu-
lature by many years, sometimes decades, and correlates with
cardiovascular risks [17]. Aging and hypertension are established
and validated cardiovascular risk factors [18, 19]. The functional
and structural vascular changes that lead to the complication of
cardiovascular disease share similar characteristics in older sub-
jects that have aged normally to those younger adults that have
aged with high blood pressure [20]. Furthermore, the vascular
changes seen in essential hypertension are considered to be an
accelerated progressive form of vascular structure and function
seen with normal aging [21]. Young healthy individuals have
normal and sufficient endothelial production of NO through L-
arginine. However, as we age, we lose our ability to synthesize
NO fromL-arginine; this is termed endothelial dysfunction.Most
of thework on the production ofNO in cells, tissues, and humans
agree that the bioavailability or the generation of NOS-derived
NO decreases with aging. Increased oxidative stress through pro-
duction of superoxide can scavenge NO thereby reducing its
effective concentrations and signaling actions in cells [22].
Aging also causes a decrease in NOS enzyme expression [23,
24]. There is also an upregulation of arginase (an enzyme that
degrades the natural substrate for NOS, L-arginine) in the blood
vessels as we age that causes a reduction in NO production [25]
due to a shuttling of L-arginine away from the NOS enzyme.
Aging causes a gradual decline in NO production with a greater
than 50% loss in endothelial function in some aged populations
[26]. Some studies show a more than 75% loss of NO in the
coronary circulation in patients in their 70s and 80s compared to
young, healthy 20-year olds [27]. Others have shown [28] that
age was the most significant predictor of endothelium-derived
NO production. These data clearly demonstrate that NO produc-
tion from L-arginine declines as we get older. This is due to
uncoupling of the NOS enzyme which is then unable to convert
L-arginine into NO. This process can be accelerated or deceler-
ated depending on diet and lifestyle. The majority of studies
reveal that loss of NO production was clearly evident by 40 years
of age. However, the vasodilation to exogenous NO
(endothelium-independent vasodilation) does not change over
time with aging, illustrating that the body does not lose its ability
to respond to NO; it only loses its ability to generate it with age.
These observations allow scientists and physicians to conclude
that reduced production of NO occurs as we age, and this creates
the environment that is conducive to the onset and progression of
cardiovascular disease. This is illustrated in Fig. 1.

Over the past several decades, the development of novel
biomarkers allows physicians to gain a perspective on the
degree of vascular disease based on the presence of specific
biomarkers in peripheral blood. Functional measurements in
endothelial NO production also allow us to determine endo-
thelial function (endothelial NO production) throughout the
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progression of cardiovascular disease. It is this functional loss
of NO that precedes the appearance of the biomarkers and the
structural changes seen during atherosclerosis. Since loss of
NO precedes all biochemical biomarkers and the structural
changes along the vascular tree, restoration of NO
production/signaling will very likely allow for new treatment
strategies for age and age-related disease.

NO Production Pathways

The discovery of NO originated from the observation that L-
arginine was required for nitrite production involving a group
of enzymes called nitric oxide synthase (NOS) [29]. NOS
enzymes are homodimers that catalyze the five electron oxi-
dation of the guanidino nitrogen of L-arginine. These enzymes
are the only enzymes known to simultaneously require multi-
ple bound cofactors/prosthetic groups: flavin adenine dinucle-
otide (FAD), flavin mononucleotide (FMN), heme, glutathi-
one, nicotinamide adenine dinucleotide phosphate (NADPH),
tetrahydrobiopterin (BH4), and Ca2+-calmodulin. This is the

pathway that becomes dysfunctional with age due to NOS
uncoupling.

Understanding how the body makes NO and what goes
wrong with these production pathways allows us to define
the context for safe and effective interventions. In most cases,
loss of NO production occurs due to oxidative stress and ox-
idation of tetrahydrobiopterin (BH4) which causes NOS
uncoupling [30]. Therefore, using L-arginine supplementation
alone will not recouple the NOS enzyme. The concentration of
available L-arginine (100 to 800 μmol/L) is orders of magni-
tude greater than the Michaelis constant for binding to NOS
(Km; 3 μmol/L) for NOS and is even higher in the circulation
[31, 32]. In addition, cells can make their own L-arginine from
L-citrulline through the partial urea cycle [33, 34]. As a result,
L-arginine is never the rate-limiting step in NO production.
Supplementation with antioxidants to help prevent oxidation
of BH4 may be a better approach. Studies have demonstrated
the role of oxidative stress on NO production and availability.
With antioxidants such as vitamin C, NO production can be
improved in older subjects [26]. In the oldest of subjects
(age > 60 years) that had clear and evident endothelial

Fig. 1 (Left) Fat deposition and increased thickness of the media along
with plaque formation occurs as we age. (Upper right) Specific blood
biomarkers correlate with different stages of vascular disease and/or

plaque vulnerability. (Lower right) Loss of endothelial nitric oxide
production precedes presence of biomarker and structure changes that
occur during progression of CVD
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dysfunction, supplementing with vitamin C enhanced NO
production in response to an endothelial agonist and also re-
stored the inhibitory effect of L-NMMA on vasodilation to
acetylcholine [26]. Although the antioxidant supplementation
was effective for older subjects with oxidative stress, it
showed no benefit in a younger healthy population.
Collectively, the literature suggests that strategies to enhance
NO production through L-arginine supplementation are
equivocal at best. In some patient populations, administering
L-arginine can do more harm than good. L-arginine, when
added to standard post-infarction therapies, did not improve
vascular stiffness measurements or ejection fraction and was
associated with higher post-infarction mortality. The authors
concluded L-arginine should not be recommended following
acute myocardial infarction [35]. Similarly, in patients with
PAD, long-term administration of L-arginine does not increase
nitric oxide synthesis or improve vascular reactivity.
Furthermore, the expected placebo effect observed in studies
of functional capacity was attenuated in the L-arginine-treated
group. As opposed to its short-term administration, long-term
administration of L-arginine is not useful in patients with in-
termittent claudication and PAD [36].

Although the production of NO from L-arginine was dis-
covered first, today we know that it may not always be the
primary pathway for endogenous NO production. In fact, ni-
trogen fixation and denitrification in bacteria with production
of NO as an intermediate may be one of the most primitive
pathways, dating back to the Archaean era [37]. The now
recognized human nitrate-nitrite-nitric oxide pathway that still
relies on commensal bacteria may be a redundant system for
overcoming the body’s inability to make NO from L-arginine
[38]. This alternate route involves the nitrate and nitrite as
substrates that are reduced to NO. This concept is presented
in Fig. 2. The two-electron reduction of nitrate to nitrite occurs
through symbiosis with facultative anaerobic bacteria that re-
side in the crypts of our tongue [39]. Nitrite reduction to NO is
a much simpler process than the reduction of nitrate to nitrite.
The one-electron reduction of nitrite can occur by ferrous
heme proteins [40] (or any redox active metal) through the
following reaction:

NO2
− þ Fe2þ þHþ↔NOþ Fe3þ þOH−

This is biologically active NO just as that produced by
NOS. This pathway depends on nitrite availability and not
on L-arginine. This is a reduction of nitrite rather than an
oxidation of L-arginine but is still a relatively inefficient pro-
cess [41]. Therefore, for biologically active amounts of NO to
be produced from nitrite, the tissues or biological compart-
ment must have a sufficient pool of nitrite stored. Since nitrite
concentrations in plasma and tissue is a direct measure of
NOS activity [42], a dysfunctional NOS system can lead to

nitrite deficiency, which will lead to even less NO produced
from nitrite. Since nitrite can also be derived from dietary
nitrate from certain foods, we have the ability to compensate
for loss of NO production fromNOS, provided all systems are
in place for nitrate metabolism. Therefore, it is possible that
consuming nitrate-enriched vegetables has the ability to re-
store nitrite levels and replete NO-based signaling.

How Much Nitrate Is Required in Our Diet?

There are now a growing number of studies showing health
benefits from inorganic nitrate found in vegetables [6••].
These studies establish that 300–400 mg of nitrate is required
to see any changes in blood pressure or improvements in ex-
ercise performance [6••]. This can be achieved through the
consumption of specific high nitrate foods, such as spinach,
beets, kale, and other green leafy vegetables. In order to de-
termine just how much of any given food one would have to
consume to reach 300–400 mg of dietary nitrate, we analyzed
five different foods from five different cities across the USA
for nitrate content. We found a more than tenfold difference in
nitrate content of the same vegetable across five US cities and
also more than tenfold difference in nitrate between different
vegetables [43•]. Interestingly, organically grown vegetables
had much less nitrate than conventionally grown, in some
cases up to ten times less. What this means in terms of dietary
consumption patterns, for example, is that if you live in
Dallas, Texas, you could eat roughly 60 g of spinach (small
salad plate) and consume 300 mg nitrate. However, if you live
in Chicago, Illinois, you would have to eat over 450 g of
spinach to consume over 300 mg nitrate. Just because you
are eating vegetables does not mean that you are consuming
sufficient nitrate to affect NO production. Nitrate assimilation
is dependent upon soil conditions, time of harvest, amount of
fertilizer added, and water availability (drought) [44]. Based
on existing databases, the mean estimated intake for nitrate
and nitrite in the USA and Europe varies but is consistent
and somewhat comparable. International estimates of nitrate
intakes from food are 31–185 mg/day in Europe and in the
USA about 40–100 mg/day [45, 46]. We know from above
that 300–400 mg as a bolus is required for NO production and
improvements in blood pressure and exercise performance.
Most people are consuming only half of this amount over
two to three meals and not as a bolus. Therefore, the US diet
is depleted in nitrate and as a result, Americans are a nitrate-
deficient society. The research suggests that this deficiency
may be partly responsible for the increased incidence of all
cardiovascular-related diseases in the US population [47].
Consistent with this notion, certain diets provide much more
nitrate. For example, the Dietary Approaches to Stop
Hypertension diet can provide as much as 1200 mg nitrate
per day from selection of certain foods [48]. The Japanese
diet also provides sufficient nitrate that has been shown to
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reduce blood pressure and improve performance [49].
Similarly, the Mediterranean diet provides sufficient nitrate
along with antioxidants to support reduction of nitrate to ni-
trite and nitric oxide [50]. There is strong evidence that it is the
inorganic nitrate in these foods and diets that confer the pro-
tective and health-promoting activities [47]. Although many
clinical trials have been performed to try to identify the mech-
anism of action of these diets, looking primarily at antioxi-
dants, vitamins, and minerals, most if not all have failed to
recapitulate the effects of whole-food diets. Evidence strongly
suggests that it is the nitrate-nitrite content along with the
antioxidants that account for the effects.

Nitrate Is Inert in Humans

Even if we consume sufficient nitrate from our diet, if it is not
first metabolized and reduced to nitrite, the human body can-
not utilize it to make nitric oxide. Humans do not have a
functional nitrate reductase gene. These are mostly bacteria
gene products from commensal bacteria that live in and on
our body [51, 52]. We and others have identified a number of
facultative anaerobic bacteria that are efficient at the two-
electron reduction of nitrate to nitrite in the oral cavity [51,
53]. Nitrate ingested from the diet is rapidly absorbed in the
small intestine, taken up by the sialin transporter [54], mixes
with the endogenous nitrate from oxidation of nitric oxide and
is readily distributed throughout the body [55] and mostly
concentrated in our salivary glands. About 25% of oral nitrate
from diet is concentrated and excreted by salivary glands [56],
so that salivary nitrate concentration is approximately 10
times higher in the saliva than in plasma. Approximately
20% of salivary nitrate can be reduced to nitrite in the mouth

by facultative anaerobic bacteria which are found on the dor-
sal surface of the tongue [39, 51], if nitrate-reducing bacteria
are present, resulting in about a 5% reduction of total ingested
nitrate to nitrite. If we are consuming 300–400mg nitrate from
our diet, which is the dose known to be effective at reducing
blood pressure and enhancing performance, then this reduc-
tion efficacy results in 15–20 mg nitrite produced from dietary
nitrate through the enterosalivary circuit. Nitrate when con-
sumed through the diet reaches a peak plasma concentration in
about 1 h [57]. The plasma half-life of nitrate is roughly 5 h
[57]. Nitrate is a small anion and is not protein-bound, and its
pharmacokinetics and half-life suggest that it is reabsorbed in
the renal tubules. Nitrate can be converted to urea then excret-
ed in the urine [58]. Nitrate clearance from blood to urine is
approximately 20 ml/min in adults [59], indicating consider-
able renal tubular re-absorption of the ion. It is estimated that
96% of the filtered nitrite and nitrate is reabsorbed in the renal
tubules [60]. Other studies in dogs suggest that approximately
80% of filtered nitrate is reabsorbed [61]. The high concentra-
tion of nitrate and nitrite in saliva and other tissue, continuous
production from nitric oxide, and the re-absorption from renal
tubules strongly suggest that nitrate and nitrite have a definite
role in normal human physiology and is not just an unwanted
toxin. It serves as an important substrate for NO production
provided the body can utilize it.

Cardiovascular Health Benefits of Nitrate

Over the past 10 years, there have been many published stud-
ies showing health benefits in humans of dietary nitrate in-
cluding blood pressure regulation and sports performance
[6••]. For the majority of studies in humans, investigators have

Fig. 2 There are two production pathways the human body generates
NO. Pathway 1 involves oxidation of L-arginine to NO through a
complex series of reactions involving nitric oxide synthase (NOS)
enzymes. This pathway becomes dysfunctional with age. Pathway 2
involves the provision of nitrate and nitrite found in our food supply

and generated from oral nitrate-reducing bacteria. This pathway
becomes disrupted with insufficient nitrate ingestion, antiseptic
mouthwash/antibiotic use, and antacid therapy. One can compensate for
the other but when both systems fail, NO-based signaling is completely
inhibited and disease ensues
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used beetroot juice that is standardized to a known amount of
nitrate. These studies reveal that 450–550 mg nitrate must be
administered at least 2.5 h before the measurable endpoints in
order for the enterosalivary circulation and reduction of nitrate
to nitrite and NO to show any improvements in performance.
The data reveal that increasing plasma nitrite levels can in-
crease NO production and improve oxygen efficiency and
athletic performance [62–64]. In studies in older adults, nitrate
supplementation with beetroot juice (400 mg nitrate per dose
twice per day (816 mg total)) increased plasma nitrite concen-
tration, reduced blood pressure, and positively influenced
physiological responses to exercise [65]. Nitrate supplemen-
tation at a dose of 6.62 mg/kg can also enhance exercise per-
formance in patients with peripheral artery disease [66] where-
as L-arginine was ineffective in these patients.

Dietary nitrate can also lower blood pressure. Consuming
0.5 L of beetroot juice containing 15 mM (638 mg) nitrate
lowers blood pressure 6 h later in healthy adults [67]. To
demonstrate it was indeed the nitrate responsible for these
effects, Kapil et al. gave potassium nitrate capsules containing
700 or 1488 mg of nitrate or had patients drink beetroot juice
that contained 468 mg of nitrate and found that all forms of
nitrate led to a dose-dependent decrease in blood pressure
beginning after 90 min and lasting for several hours [68].
Other studies show that giving 500–700 mg nitrate for 3 days
led to a statistically significant reduction in diastolic pressure
[69]. Similarly, drinking 442 mg nitrate from beetroot juice
acutely reduces blood pressure and the oxygen cost of sub-
maximal exercise. These effects are maintained for at least
15 days if supplementation is continued [64].

Antiseptic Mouthwash Eradicates the Benefits
of Nitrate

All of the above studies confirm nitrate as the active agent
since a nitrate-depleted beetroot juice was used as the placebo.
Furthermore, the effects of dietary nitrate are completely
abolished if subjects are not allowed to swallow or they use
an antiseptic mouthwash to eradicate the oral microbiome
[70–73]. Kapil demonstrated that use of antiseptic mouthwash
for 7 days caused a decrease in salivary and plasma nitrite with
a concomitant increase in systolic and diastolic blood pressure
[71]. Increases in salivary and plasma levels of nitrite are
completely abolished if subjects use an antiseptic mouthwash
[70] demonstrating that the removal of these bacteria with an
antibacterial mouthwash will very likely attenuate the NO-
dependent biological effects of dietary nitrate. Over 180 mil-
lion Americans use mouthwash on a daily basis, and in 2015
alone, approximately 269million antibiotic prescriptions were
dispensed from outpatient pharmacies in the USA, enough for
five out of every six people to receive one antibiotic prescrip-
tion each year. Interestingly, at least 30% of these antibiotic
prescriptions were unnecessary [74]. Use of both antiseptic

mouthwash and antibiotics disrupts the oral microbiome and
leads to a complete lack of nitrate reduction or at least a de-
creased efficiency of nitrate reduction. Also, given the diver-
sity and variability of the oral microbiome between certain
individuals and cultures, it is uncertain howmany people have
the correct nitrate-reducing bacteria [53]. With prevalence of
antibiotic and antiseptic mouthwash use in the USA along
with periodontal disease and poor oral hygiene, it would not
be surprising if over half of the population is unable to reduce
dietary nitrate. This means that although they may be consum-
ing what is considered a healthy diet even with sufficient
nitrate, they are unable to get a nitric oxide benefit due to lack
of nitrate reduction by bacteria. This should be a new consid-
eration in patient assessment.

Stomach Acid Is Required for Optimal NO Production

Even if you have the right oral nitrate-reducing bacteria, this
does not always mean you will get a benefit from the nitrate
consumed in your diet that is then reduced to nitrite. Stomach
acid is required for optimal effects of salivary nitrite that re-
sults from consuming dietary nitrate. Nitrite concentration in
the saliva from reduction of dietary nitrite when swallowed
becomes protonated (nitrite pKa ~ 3.4) to form nitrous acid.
Nitrous acid can spontaneously release NO [75]. Proton pump
inhibitors (PPIs) by inhibiting stomach acid production and
increasing gastric pH may prevent formation of nitrous acid
from inorganic nitrite, and, accordingly, NO release. Indeed,
giving PPIs to rodents blocks the blood pressure-lowering
effects of orally administered sodium nitrite [76].
Furthermore, PPIs blunt the favorable effects of antioxidants
on nitrite-to-NO conversion in the stomach [77] and disrupts
the formation of S-nitrosothiols. S-nitrosothiols are an impor-
tant circulating reservoir of NO that also contributes to the
blood pressure-lowering effects of orally administrated
nitrates/nitrites [78]. PPIs also specifically lead to the accumu-
lation of asymmetric dimethylarginine [79]. Asymmetric
dimethylarginine (ADMA) is generated during metabolism
of cellular proteins containing methyl-arginine residues.
ADMA is broken down by the enzyme dimethylarginine
dimethylaminohydrolase [80], an intracellular enzyme ubiq-
uitously expressed in many cells. The inhibition of the
dimethylaminohydrolase (DDAH) enzyme is known to be
the major contributor to increases in ADMA in animal models
and patients with cardiovascular risk factors [81, 82].
Evidence now reveals that PPI drugs directly inhibit DDAH
activity [83]. In addition to inhibiting DDAH, PPIs affect
NOS expression. Both phosphorylated (active) and
unphosphorylated endothelial NOS proteins were downregu-
lated by omeprazole [83]. Altogether, these findings provide
proof-of-concept that PPIs are able to impair nitric oxide path-
way in the endothelium as well as NO production from the
nitrate-nitrite-NO pathway. There are approximately 64.6
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million prescriptions written for gastroesophageal reflux dis-
ease (GERD) medications in the USA on an annual basis [68]
accounting for over $11 billion in total healthcare expendi-
tures in the USA, and this does not even include the OTC
market. Any therapy that increases stomach pH will interrupt
NO generation from salivary nitrite. Clear evidence is emerg-
ing that PPIs have adverse cardiovascular effects. These ef-
fects may be mediated primarily or at least in part through a
disruption in NO production/signaling and should be consid-
ered when PPIs are prescribed, especially in patients at in-
creased cardiovascular risk.

How Do You Overcome These Limitations?

Collectively, the evidence suggests that the US diet is deficient
in nitrate. Furthermore, common drug therapy and lifestyle
decisions disrupt metabolism of nitrate into nitrite and nitric
oxide. So, how does one overcome deficiencies in dietary
nitrate, variability between individual microbiome, mouth-
wash use, PPI use, or achlorhydria? We and others have fo-
cused on nitrite [84, 85]. Nitrite is the two-electron reduction
product of nitrate that can be utilized and metabolized directly
into nitric oxide by mammalian enzymes and is not dependent
upon oral bacteria [86]. Nitrite is derived directly from exog-
enous dietary nitrate but also from the oxidation of endoge-
nously produced nitric oxide [87]. Nitrite is found naturally in
colostrum and breast milk [88], small amounts found naturally
in green leafy vegetables [43], and small amounts added to
cured meats [89]. Nitrite intake from food varies from 0 to
20 mg/day [90]. NO production rate measured with stable
isotopes reveal that daily NO production varies between
0.15 and 2.2 μmol/kg/h in healthy subjects [91, 92]. This
NO is quickly oxidized to nitrite and nitrate through the reac-
tion with oxygen and oxyhemoglobin respectively [12]. For a
70–80-kg person, this would equate to approximately 20–
200 mg nitrite and nitrate daily. Due to approximately 5%
reduction of nitrate (average of 150 mg per day in US diet
plus 200 mg from oxidation of NO), this would equate to
17.5 mg endogenous nitrite production. Therefore, total daily
nitrite exposure in a normal healthy individual on a Western
diet is roughly 20–40 mg. In the same healthy individual con-
suming more of a vegetarian diet or DASH diet that included
400–1200 mg nitrate per day [48], endogenous nitrite produc-
tion could exceed 70 mg per day. These nitrite levels are
dramatically reduced in people with endothelial dysfunction,
insufficient vegetable consumption, or consuming vegetables
without sufficient nitrate along with use of antibiotics/
antiseptic mouthwash and/or PPIs. These data beg the ques-
tion that if most people are nitrite deficient, can we safely and
adequately supplement back what is missing? This approach
is no different than vitamin D for example. If labs demonstrate
we are low in vitamin D, then you supplement what is missing

in order to normalize your levels. This has been our approach
with nitrite and nitrate.

There are a number of published studies in humans show-
ing the safety and efficacy of nitrite within a large range of
doses. Sodium nitrite capsules at doses of 160 and 320 mg
were used to determine toxicity and pharmacokinetics. Nitrite
even at a dose of 320 mg did not show any clinically toxic
levels of methemoglobinemia (< 15%) [93]. However, some
subjects reported mild headache and nausea that resolved after
half hour. This study also revealed that nitrite is 98% orally
available. In another study using sodium nitrite capsule in
diabetics demonstrated that a single administration of 80 mg
sodium nitrite was well tolerated with no significant changes
in methemoglobin, sulfhemoglobin, pulse rate, laboratory
tests, or other safety parameters with the possible exception
of headache and a hot flush feeling in 2 of the 12 subjects
(17%) [94]. The 80-mg nitrite dose led to a significant drop
in systolic blood pressure with no effect on diastolic pressures.
Plasma nitrite levels increased to 3–4 μMor approximately 10
times higher than normal steady state. More chronic studies
using 80–160 mg nitrite capsules for 10 weeks in a random-
ized, placebo control, double-blind study increased plasma
nitrite acutely and chronically and was well tolerated without
symptomatic hypotension or clinically relevant levels of met-
hemoglobin. Endothelial function, measured by brachial ar-
tery flow-mediated dilation, was significantly improved with-
out changes in body mass or blood lipids. Carotid artery elas-
ticity (as measured by ultrasound and applanation tonometry)
improved. These functional changes were related to 11 plasma
metabolites identified by untargeted analysis with
glycerophospholipids and fatty acyls, predicting these vascu-
lar changes with nitrite [95]. Similarly, in another study, using
80 and 160 mg nitrite capsules for 10 weeks showed improve-
ment in performance on measures of motor and cognitive
outcomes in healthy middle-aged and older adults (62 ±
7 years) [96]. These studies provide evidence that sodium
nitrite supplementation is well tolerated, increases plasma ni-
trite concentrations, improves endothelial function, lessens
carotid artery stiffening, and improves motor and cognitive
function in middle-aged and older adults, perhaps by altering
multiple metabolic pathways. Other studies have investigated
sodium nitrite directly infused in critically ill patients with
subarachnoid hemorrhage. Infusion of sodium nitrite over
14 days at a maximum dose of 64 nmol/kg/min (622 mg of
nitrite per day for 14 days) showed no toxicity or systemic
hypotension, and blood methemoglobin levels remained at
3.3% or less in all patients [97]. The authors state that the
results of their study suggest that safe and potentially thera-
peutic levels of nitrite can be achieved and sustained in criti-
cally ill patients after a ruptured cerebral aneurysm [97]. The
effects of nitrite are not dependent upon oral nitrate-reducing
bacteria and appear to be safe even at doses that far exceed
daily human production.
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The doses of nitrite used in these studies are typically more
than one would normally consume in an ordinary diet. This is in
part due to the fact that nitrite is inefficiently reduced to NO
along the physiological oxygen gradient [41, 86] and therefore
more is needed to get any appreciable amount of NO produced,
especially in people that are NO deficient. Through the discov-
ery of natural product chemistry of an oxygen-independent ni-
trite reductase, lower supplemental doses of nitrite can more
effectively reduce nitrite to NO and therefore provide an exog-
enous source of NO in the oral cavity [98]. The premise of this
technology is that if your body cannot make NO due to endo-
thelial dysfunction, oral dysbiosis, antiseptic mouthwash, or
PPI use, then this will provide an exogenous source of NO.
Studies using 15–20 mg of supplemental sodium nitrite
(Neo40™, HumanN, Inc™) to account for differences in en-
dogenous production along with the natural product chemistry
in the form of an orally disintegrating tablet found that it could
modify cardiovascular risk factors in patients over the age of 40,
significantly reduce triglycerides, and reduce blood pressure
[99]. Single administration of this lozenge leads to peak plasma
levels of nitrite around 1.5 μM. In patients with
argininosuccinic aciduria (ASA), the nitrite lozenge led to a
significant reduction in blood pressure when prescription med-
ications were ineffective, improved renal function and cogni-
tion, and reversed cardiac hypertrophy [100]. Another random-
ized controlled study using the nitrite lozenge reveals that a
single lozenge can significantly reduce blood pressure, dilate
blood vessels, and improve endothelial function and arterial
compliance in hypertensive patients [101]. Furthermore, in a
study of pre-hypertensive patients (BP > 120/80 < 139/89), ad-
ministration of one lozenge twice daily leads to a significant
reduction in blood pressure (12 mmHg systolic and 6 mmHg
diastolic) after 30 days [102] along with improvements in func-
tional capacity as measured by a 6-min walk test. In an exercise
study, the nitrite lozenge significantly improved exercise per-
formance [103]. Most recently, in subjects with stable carotid
plaque, the NO lozenge led to a 11% reduction in carotid plaque
after 6 months [104]. To put this in perspective, meta-analysis
of trials using treatment with statins (mean treatment duration of
25.6 months) reveal that a total of seven trials showed regres-
sion and four trials showed slowing of progression of CIMTof
approximately 2.7% (− 0.04) after over 2 years [105]. Using the
nitric oxide lozenge, the data show an average of 0.073 mm or
10.9% after 6 months [104]. Similarly, this same technology in
the form of a concentrated beet root powder (Superbeets™,
HumanN, Inc.™) attenuates peripheral chemoreflex sensitivity
without concomitant change in spontaneous cardiovagal baro-
reflex sensitivity while also reducing systemic blood pressure
and mean arterial blood pressure in older adults [106]. These
studies clearly demonstrate the safety and efficacy of low sup-
plemental doses of nitrite in humans that can correct for any
insufficiencies from dietary exposure, pharmacological inhibi-
tion by antiseptics, or PPIs.

Is This What Nature Intended?

If supplementing deficient nitrite and nitrate in populations is
a viable strategy for combatting cardiovascular disease or any
condition associated with insufficient nitric oxide availability,
are there examples in epidemiology or in specific populations
that can provide justification for such? The answer may come
in the form of nature’s most perfect food, breast milk. We and
others have published that early breast milk and colostrum
contain high concentrations of nitrite until the bacteria begin
to colonize in the oral and digestive tract of growing infants
[88, 107, 108]. Once commensal bacteria have colonized, then
breast milk changes from nitrite to nitrate so that the infant’s
body can utilize the nitrate-reducing bacteria to provide a
more extended exposure to nitrite. Commercial infant formu-
las lack any nitrite and have very little nitrate [88]. The health
disparities between breast-fed and formula-fed babies are well
known. Supplementing nitrite that is missing in formula can
protect from necrotizing enterocolitis [109]. These data clearly
demonstrate that nitrite missing in formula that is present in
breast milk when supplemented back into formula affords
protection. Perhaps it is the missing nitrite in formula that
accounts for some of the differences from that in breast milk.

Additionally, anthropological studies on native Tibetans
reveal that their acclimatization to living at high altitude and
reduced oxygen is through increased nitric oxide production
with 20–50 times higher circulating nitrite and nitrate than
those that live at sea level [110]. People who live at or near
sea level increase their NO production and plasma levels of
nitrite and nitrate as they ascend to altitude [111]. Increasing
nitrite and nitrate availability is a physiological response to
low oxygen and the adaptive response to allow us to acclimate
to different environments. In other words, increasing steady-
state concentrations of nitrite and nitrate appears to be a natu-
ral physiological response that allows the body to adapt to
changing oxygen environments, whether environmental or
physiological.

Conclusions

The most reasonable conclusion that can be made from the
data reviewed is that humans are adapted to receive dietary
nitrite and nitrate from birth and throughout life and therefore
may not pose significant risks at levels naturally found in
certain foods. In fact, we believe that the absence of an essen-
tial nutrient, namely nitrite and/or nitrate in our foods and
diets, may be involved in many of the chronic health problems
facing the entire developing world. Advancements in science
and research over the past 30 years have illuminated the es-
sential nature of nitrite and nitrate in our food supply as well as
how our body makes these natural molecules. Eating a well-
balanced, nutritious diet and performing moderate exercise
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comprise the ideal model of routinely good health and disease
prevention. The role of a proper diet in the prevention of
disease is well established by many population-based epide-
miological studies [43•]. Nothing affects our health more than
what we choose to eat. Nitric oxide is essential for maintaining
normal blood pressure, preventing adhesion of blood cells to
the endothelium, and preventing platelet aggregation; it may,
therefore, be argued that this single abnormality, the inability
to generate NO, puts us at risk for diseases that plague us later
in life, such as atherosclerosis, myocardial infarction, stroke,
Alzheimer’s disease, and peripheral vascular disease.
Therefore, developing strategies and new technologies de-
signed to restore NO availability is essential for inhibiting
the progression of certain common chronic diseases. The pro-
vision of dietary nitrate and nitrite may allow for such a strat-
egy. This review reveals the beneficial effects of nitrite and
nitrate and how each step in their metabolism may be affected
by lifestyle, hygiene habits, and/or drug therapy. Nutrition can
play a key and cost-effective role in decreasing the risks of
different chronic diseases. Hippocrates himself said, “let food
be thy medicine and medicine be thy food”. Understanding
how the body utilizes key dietary nutrients, specifically ni-
trate, will help scientists and physicians develop more effec-
tive treatment strategies for overcoming key limitations in our
diet or metabolism of dietary constituents. Implementing
functional nitric oxide nutrition has the potential to profoundly
change the face of health and disease since it can overcome
any inherent problems in nitrate metabolism.
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