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Over the past half century dietary nitrate (NO3") and nitrite (NO2) have
become notorious because of their proposed association with the
development of disease, most notably gastric cancer (28, 38). This has led
to very strict regulations of nitrate and nitrite levels in food and drinking
water. In the early 1980s it was surprisingly shown that, in addition to
dietary exposure, nitrate and nitrite are also generated endogenously in our
bodies (9). Soon after this, the entire L-arginine-nitric oxide pathway was
revealed and this pathway was found to be the major source of endogenous
nitrate and nitrite, since NO is quickly oxidized to these higher nitrogen
oxides (11, 30, 37). Until only recently biologists have considered nitrate
and nitrite merely as inactive end-products of NO metabolism but this view
is now changing rapidly. It turns out that they undergo a serial reduction in
vivo and again form bioactive nitrogen oxides, including NO (7, 24-26, 42,
44). A picture is now emerging suggesting important physiological as well
as therapeutical roles for the Nitrate-Nitrite-NO pathway, especially under
hypoxic conditions when the oxygen-dependent NO synthases may be
dysfunctional (26). Thus, instead of just wasting oxidized NO, our bodies
are actively recycling it. Nitrite reduction to NO was first described in the
stomach, where salivary nitrite forms NO non-enzymatically via acid-
catalysed reduction (2, 27). Soon after this Zweier described NOS-
independent nitrite reduction in the ischemic and acidic heart (45).
Subsequent studies show that a variety of enzymes and proteins can
catalyse the one-electron reduction of nitrite to NO in blood and tissues.

These include deoxygenated heme proteins (4, 31), xanthine oxidase (43),



and components of the mitochondrial respiratory chain (19). In addition,
reducing agents such as vitamin C (29) and polyphenols (6) greatly

accelerate nitrite reduction.

The therapeutic effects of nitrite have been elucidated in the cardiovascular
system and in the gastrointestinal tract (26). Systemic delivery of nitrite at
remarkably low doses, have been shown to protect against ischemia-
reperfusion injury in various organs, including heart (5, 40), brain (17),
kidney (39), liver (5) and limb (20). Both nitrate and nitrite are active also
when given orally. Nitrate is first reduced by oral commensal bacteria (8) or
by mammalian enzymes (13) to form nitrite which then can enter the
systemic circulation (23). In humans blood pressure is reduced after
ingestion of nitrate in doses equivalent to a diet rich in vegetables (21).
Moreover, dietary nitrate also prevents endothelial dysfunction after an
acute ischemic insult in humans and inhibits ex vivo platelet aggregation
(41). In animal studies dietary nitrate (3) and nitrite (3, 34) protect against
ischemia reperfusion injury. Jansson et al (14) and Petersson et al (32)
recently described anti-inflammatory effects of dietary nitrate and nitrite in
the gastrointestinal tract but until today there have been no reports on the

effects of nitrate or nitrite on vascular inflammation.

In this issue of the Journal Stokes and colleagues studied the effects of
dietary nitrite supplementation on the vascular events associated with a
high cholesterol diet (36). Mice fed a cholesterol-enriched diet for 3 weeks
developed clear signs of vascular pathology, including elevated leukocyte
adhesion and emigration as well as impaired endothelium-dependent
vasorelaxation. Remarkably, the addition of nitrite to the drinking water
prevented these events. This might be of significant importance since

inflammatory events are thought to be central in the development of



atherosclerosis. The exact mechanism for these beneficial effects remains to
be studied although the reduction of nitrite to NO and other closely related
nitrogen oxides (e.g S-nitrosothiols) is a likely first step. Indeed NO has
anti-inflammatory, anti-adhesive and vasodilatory properties, and a
reduced NO bioavailability is a central even in development of
cardiovascular disease including atherosclerosis and hypertension (12).
Interestingly, Stoke and colleagues noted a sparing of reduced
tetrahydrobiopterin (BH4) with nitrite treatment. This co-factor is vital for
NO generation by NOS, which would indicate that nitrite can function not
only as a direct substrate for NO generation, but in addition it might also
enhance NO generation from the classical NOS pathway and prevent

potentially harmful uncoupling of NOS.

Stoke and colleagues also found that the levels of C-reactive protein (CRP)
were lower in cholesterol-fed mice treated with nitrite. This is very
interesting especially in light of recent studies in humans, showing that this
marker of vascular inflammation is coupled to clinical outcome (35). In
addition, there might be a direct link to the NO system since C-reactive
protein has been shown to induce endothelial dysfunction and uncoupling
of eNOS in vivo (10). In a recent large scale clinical study, apparently
healthy subjects with increased high-sensitivity CRP but without
hyperlipidemia, were treated with a statin (33). The treatment was
associated with a reduction in CRP and a markedly reduced risk for major
cardiovascular events. Although, this does not prove a causal link between
CRP and cardiovascular events, it indicates that suppression of chronic

vascular inflammation has long-term beneficial effects.

Surprisingly, there was no effect of nitrite on blood pressure in the current

study, despite a great increase in circulating and tissue levels of nitrite and



nitroso species. In humans and rats even a modest increase in plasma
nitrite (induced by ingestion of nitrate) is associated with a significant
blood pressure reduction (21, 32, 41). The reason for this difference is not
clear but we cannot exclude that nitrate and nitrite have different
pharmacodynamic profiles. However, a more likely explanation for these
diverging results is related to technical issues. Stoke and colleagues
measured blood pressure in anesthetized animals while Larsen measured
in awake subjects and Petersen used telemetric measurements in awake
rats. Anesthetic drugs have major effects on the cardiovascular system and

this will interfere with blood pressure readings.

The perhaps most interesting aspect of Stokes study and other recent
reports, is the nutritional implications. A picture is now emerging
suggesting that dietary nitrate is bioconverted in vivo to form nitrite and
then bioactive nitrogen oxides including NO (23). The vast majority (>80%)
of nitrate in our diet comes from vegetables, some of which are extremely
rich in this anion (22). It is clear that a diet rich in vegetables is associated
with cardiovascular protection, including lower blood pressure and
reduced risk of myocardical infarction and stroke (1, 15, 16). However, the
active ingredient(s) responsible for these effects has not been pinpointed. It
has been suggested that nitrate contributes to the well-known
cardioprotective effects of diets rich in vegetables such as the
mediterranian diet (22, 26). For the current study such nutritional claims
would have been stronger if the authors had tested lower nitrite doses or
added a group receiving moderate nitrate supplementation (resembling a
diet rich in vegetables). Nevertheless, the fact that there was no dose-

response whatsoever in nitrite effects suggests that maximum effects were



seen already at the lower dose (50 mg nitrite/liter drinking water) or even
below this dose. Thus, a non-pharmacological dose of nitrite would likely
also have had effects. Indeed, this is supported by a recent study by
Kanematsu who studied dietary nitrite and renal function in rats (18). They
found that nitrite at a 50-fold lower dose could completely prevent the
renal injury associated with long term treatment with a NO synthase
inhibitor. Thus, it seems as if the nitrate-nitrite-NO pathway can
compensate for disturbances in endogenous NO generation from NO-
synthases. We need further studies in animals and later in humans to find
out if nitrate and nitrite can offer long-term protection against development

of atherosclerosis.

Clearly, much more research is needed before we can start encouraging
people to increase their daily nitrate intake in order to achieve better
health. Nevertheless, with the emerging evidence for beneficial effects of
dietary nitrate on the cardiovascular system the time has come to move the
discussion to a new level. Researchers and politicians advocating harmful
health effects of nitrate now also have a responsibility. Fifty years of
continuous fear mongering has had a major negative impact on people’s
view on nitrate. Is this propaganda of overall benefit to the population, or is
it holding back the consumption of an essential nutrient? In the end the
potential benefits of reducing our overall nitrate intake in terms of lower
cancer incidences need to be weighed against its positive effects on the
cardiovascular system. The acceptable daily intake (ADI) for nitrate is set to
3.7 mg/kg bodyweight which is around 250 mg in an adult. Ironically, one
glass of fresh beetroot juice (41) or a plate of fresh rucula contain at least

twice this amount of nitrate.



While compelling epidemiological evidence suggest no harmful effects of
dietary nitrate, we need to be somewhat more careful when we discuss
dietary nitrite. Nitrite is added to certain meat products to enhance its
appearance and to protect against food borne infections. Although there is
no direct evidence for a harmful health effect of nitrite in meat,
preformation of potential carcinogens such as nitrosamines might occur
during the preparation of food. However, it must also be noted that the
major dietary source of nitrite is in fact vegetables. Much of the nitrate in
these foodstuffs is converted to nitrite in our bodies via the action of oral
nitrate reducing bacteria (23) and also by mammalian processes as
described recently (13). Moreover, even if we were to exclude all nitrate
and nitrite from our diet we would still be exposed to considerable amounts
of these anions, since they are generated endogenously from the L-

arginine/NOS pathway.

In conclusion, Stoke and colleagues demonstrate impressive anti-
inflammatory effects of dietary nitrite in the vascular system. This report
adds to the growing number of studies now suggesting that exposure to
dietary nitrate and nitrite might not necessarily be a threat to human
health. Instead, in some years we might even consider them as essential

nutrients.

1. Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, Svetkey LP, Sacks FM, Bray GA, Vogt
TM, Cutler JA, Windhauser MM, Lin PH, and Karanja N. A clinical trial of the effects of dietary
patterns on blood pressure. DASH Collaborative Research Group. N Engl J Med 336: 1117-1124, 1997.
2. Benjamin N, O'Driscoll F, Dougall H, Duncan C, Smith L, Golden M, and McKenzie H.
Stomach NO synthesis. Nature 368: 502, 1994.



3. Bryan NS, Calvert JW, Elrod JW, Gundewar S, Ji SY, and Lefer DJ. Dietary nitrite
supplementation protects against myocardial ischemia-reperfusion injury. Proc Natl/ Acad Sci U S A
104: 19144-19149, 2007.

4, Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S, Yang BK, Waclawiw
MA, Zalos G, Xu X, Huang KT, Shields H, Kim-Shapiro DB, Schechter AN, Cannon RO, and Gladwin
MT. Nitrite reduction to nitric oxide by deoxyhemoglobin vasodilates the human circulation. Nat Med
9: 1498-1505, 2003.

5. Duranski MR, Greer JJ, Dejam A, Jaganmohan S, Hogg N, Langston W, Patel RP, Yet
SF, Wang X, Kevil CG, Gladwin MT, and Lefer DJ. Cytoprotective effects of nitrite during in vivo
ischemia-reperfusion of the heart and liver. J Clin Invest 115: 1232-1240, 2005.

6. Gago B, Lundberg JO, Barbosa RM, and Laranjinha J. Red wine-dependent reduction
of nitrite to nitric oxide in the stomach. Free Radic Biol Med 43: 1233-1242, 2007.
7. Gladwin MT, Schechter AN, Kim-Shapiro DB, Patel RP, Hogg N, Shiva S, Cannon RO,

3rd, Kelm M, Wink DA, Espey MG, Oldfield EH, Pluta RM, Freeman BA, Lancaster JR, Jr., Feelisch M,
and Lundberg JO. The emerging biology of the nitrite anion. Nat Chem Biol 1: 308-314, 2005.

8. Govoni M, Jansson EA, Weitzberg E, and Lundberg JO. The increase in plasma nitrite
after a dietary nitrate load is markedly attenuated by an antibacterial mouthwash. Nitric Oxide 19:
333-337, 2008.

9. Green LC, Tannenbaum SR, and Goldman P. Nitrate synthesis in the germfree and
conventional rat. Science 212: 56-58, 1981.

10. Hein TW, Singh U, Vasquez-Vivar J, Devaraj S, Kuo L, and Jialal I. Human C-reactive
protein induces endothelial dysfunction and uncoupling of eNOS in vivo. Atherosclerosis, 2009.

11. Hibbs JB, Jr., Taintor RR, and Vavrin Z. Macrophage cytotoxicity: role for L-arginine
deiminase and imino nitrogen oxidation to nitrite. Science 235: 473-476, 1987.

12. Ignarro LJ. Nitric oxide as a unique signaling molecule in the vascular system: a
historical overview. J Physiol Pharmacol 53: 503-514, 2002.

13. Jansson EA, Huang L, Malkey R, Govoni M, Nihlen C, Olsson A, Stensdotter M,

Petersson J, Holm L, Weitzberg E, and Lundberg JO. A mammalian functional nitrate reductase that
regulates nitrite and nitric oxide homeostasis. Nat Chem Biol, 2008.

14. Jansson EA, Petersson J, Reinders C, Sobko T, Bjorne H, Phillipson M, Weitzberg E,
Holm L, and Lundberg JO. Protection from nonsteroidal anti-inflammatory drug (NSAID)-induced
gastric ulcers by dietary nitrate. Free Radic Biol Med 42: 510-518, 2007.

15. Joshipura KJ, Ascherio A, Manson JE, Stampfer MJ, Rimm EB, Speizer FE, Hennekens
CH, Spiegelman D, and Willett WC. Fruit and vegetable intake in relation to risk of ischemic stroke.
Jama 282:1233-1239, 1999.

16. Joshipura KJ, Hu FB, Manson JE, Stampfer MJ, Rimm EB, Speizer FE, Colditz G,
Ascherio A, Rosner B, Spiegelman D, and Willett WC. The effect of fruit and vegetable intake on risk
for coronary heart disease. Ann Intern Med 134: 1106-1114, 2001.

17. Jung KH, Chu K, Ko SY, Lee ST, Sinn DI, Park DK, Kim JM, Song EC, Kim M, and Roh JK.
Early intravenous infusion of sodium nitrite protects brain against in vivo ischemia-reperfusion injury.
Stroke 37: 2744-2750, 2006.

18. Kanematsu Y, Yamaguchi K, Ohnishi H, Motobayashi Y, Ishizawa K, 1zawa Y, Kawazoe
K, Kondo S, Kagami S, Tomita S, Tsuchiya K, and Tamaki T. Dietary doses of nitrite restore circulating
nitric oxide level and improve renal injury in L-NAME-induced hypertensive rats. Am J Physiol Renal
Physiol 295: F1457-1462, 2008.

19. Kozlov AV, Staniek K, and Nohl H. Nitrite reductase activity is a novel function of
mammalian mitochondria. FEBS Lett 454: 127-130, 1999.
20. Kumar D, Branch BG, Pattillo CB, Hood J, Thoma S, Simpson S, Illum S, Arora N,

Chidlow JH, Jr., Langston W, Teng X, Lefer DJ, Patel RP, and Kevil CG. Chronic sodium nitrite therapy
augments ischemia-induced angiogenesis and arteriogenesis. Proc Natl Acad Sci U S A 105: 7540-
7545, 2008.



21. Larsen FJ, Ekblom B, Sahlin K, Lundberg JO, and Weitzberg E. Effects of dietary nitrate
on blood pressure in healthy volunteers. N Engl J Med 355: 2792-2793, 2006.

22. Lundberg JO, Feelisch M, Bjorne H, Jansson EA, and Weitzberg E. Cardioprotective
effects of vegetables: is nitrate the answer? Nitric Oxide 15: 359-362, 2006.

23. Lundberg JO and Govoni M. Inorganic nitrate is a possible source for systemic
generation of nitric oxide. Free Radic Biol Med 37: 395-400, 2004.

24. Lundberg JO and Weitzberg E. NO generation from nitrite and its role in vascular
control. Arterioscler Thromb Vasc Biol 25: 915-922, 2005.

25. Lundberg JO, Weitzberg E, Cole JA, and Benjamin N. Nitrate, bacteria and human
health. Nat Rev Microbiol 2: 593-602, 2004.

26. Lundberg JO, Weitzberg E, and Gladwin MT. The nitrate-nitrite-nitric oxide pathway in
physiology and therapeutics. Nat Rev Drug Discov 7: 156-167, 2008.

27. Lundberg JO, Weitzberg E, Lundberg JM, and Alving K. Intragastric nitric oxide
production in humans: measurements in expelled air. Gut 35: 1543-1546, 1994.

28. Mirvish SS. Role of N-nitroso compounds (NOC) and N-nitrosation in etiology of

gastric, esophageal, nasopharyngeal and bladder cancer and contribution to cancer of known
exposures to NOC. Cancer Lett 93: 17-48, 1995.

29. Modin A, Bjorne H, Herulf M, Alving K, Weitzberg E, and Lundberg JO. Nitrite-derived
nitric oxide: a possible mediator of 'acidic-metabolic' vasodilation. Acta Physiol Scand 171: 9-16,
2001.

30. Moncada S and Higgs A. The L-arginine-nitric oxide pathway. N Engl J Med 329: 2002-
2012, 1993.
31. Nagababu E, Ramasamy S, Abernethy DR, and Rifkind JM. Active nitric oxide

produced in the red cell under hypoxic conditions by deoxyhemoglobin-mediated nitrite reduction. J
Biol Chem 278: 46349-46356, 2003.

32. Petersson J, Carlstrom M, Schreiber O, Phillipson M, Christoffersson G, Jagare A,
Roos S, Jansson E, Persson E, and Holm L. Gastroprotective and blood pressure lowering effects of
dietary nitrate are abolished by an antiseptic mouthwash. Free Rad Biol Med (in press), 2009.

33. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM, Jr., Kastelein JJ, Koenig W,
Libby P, Lorenzatti AJ, MacFadyen JG, Nordestgaard BG, Shepherd J, Willerson JT, and Glynn RJ.
Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. N Engl J
Med 359: 2195-2207, 2008.

34, Shiva S, Sack MN, Greer JJ, Duranski M, Ringwood LA, Burwell L, Wang X, Macarthur
PH, Shoja A, Raghavachari N, Calvert JW, Brookes PS, Lefer DJ, and Gladwin MT. Nitrite augments
tolerance to ischemia/reperfusion injury via the modulation of mitochondrial electron transfer. J Exp
Med 204: 2089-2102, 2007.

35. Stahl HD. Use of high-sensitivity CRP to predict first cardiovascular events. Lancet 369:
1259-1260, 2007.
36. Stokes KY, Dugas TR, Tang Y, Garg H, Guidry E, and Bryan NS. Dietary Nitrite Prevents

Hypercholesterolemic Microvascular Inflammation and Reverses Endothelial Dysfunction. Am J
Physiol Heart Circ Physiol, 2009.

37. Stuehr D and Marletta MA. Mammalian nitrate biosynthesis: mouse macrophages
produce nitrite and nitrate in response to Escherichia coli lipopolysaccharide. Proc Nat! Acad Sci USA
82:7738-7742, 1985.

38. Tannenbaum SR and Correa P. Nitrate and gastric cancer risks. Nature 317: 675-676,
1985.
39. Tripatara P, Patel NS, Webb A, Rathod K, Lecomte FM, Mazzon E, Cuzzocrea S,

Yaqoob MM, Ahluwalia A, and Thiemermann C. Nitrite-derived nitric oxide protects the rat kidney
against ischemia/reperfusion injury in vivo: role for xanthine oxidoreductase. J Am Soc Nephrol 18:
570-580, 2007.



40. Webb A, Bond R, McLean P, Uppal R, Benjamin N, and Ahluwalia A. Reduction of
nitrite to nitric oxide during ischemia protects against myocardial ischemia-reperfusion damage. Proc
Natl Acad Sci U S A 101: 13683-13688, 2004.

41. Webb AJ, Patel N, Loukogeorgakis S, Okorie M, Aboud Z, Misra S, Rashid R, Miall P,
Deanfield J, Benjamin N, Macallister R, Hobbs AJ, and Ahluwalia A. Acute Blood Pressure Lowering,
Vasoprotective, and Antiplatelet Properties of Dietary Nitrate via Bioconversion to Nitrite.
Hypertension 51: 784-790, 2008.

42. Weitzberg E and Lundberg JO. Nonenzymatic nitric oxide production in humans. Nitric
Oxide 2: 1-7, 1998.
43, Zhang Z, Naughton DP, Blake DR, Benjamin N, Stevens CR, Winyard PG, Symons MC,

and Harrison R. Human xanthine oxidase converts nitrite ions into nitric oxide (NO). Biochem Soc
Trans 25: 524S, 1997.

44, Zweier JL, Samouilov A, and Kuppusamy P. Non-enzymatic nitric oxide synthesis in
biological systems. Biochim Biophys Acta 1411: 250-262, 1999.
45, Zweier JL, Wang P, Samouilov A, and Kuppusamy P. Enzyme-independent formation

of nitric oxide in biological tissues. Nature Med 1: 804-809, 1995.



