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The great success of the Nutrition and Health Series is the result of the consistent 
overriding mission of providing health professionals with texts that are essential 
because each includes: 1) a synthesis of the state of the science, 2) timely, in-depth 
reviews by the leading researchers in their respective fields, 3) extensive, up-to-date 
fully annotated reference lists, 4) a detailed index, 5) relevant tables and figures,  
6) identification of paradigm shifts and the consequences, 7) virtually no overlap of 
information between chapters, but targeted, inter-chapter referrals, 8) suggestions 
of areas for future research, and 9) balanced, data-driven answers to patient as well 
as health professionals questions which are based upon the totality of evidence 
rather than the findings of any single study.

The Series volumes are not the outcome of a symposium. Rather, each editor has 
the potential to examine a chosen area with a broad perspective, both in subject 
matter as well as in the choice of chapter authors. The editor(s), whose training(s) 
is (are) both research and practice oriented, have the opportunity to develop a pri-
mary objective for their book, define the scope and focus, and then invite the leading 
authorities to be part of their initiative. The authors are encouraged to provide an 
overview of the field, discuss their own research and relate the research findings to 
potential human health consequences. Because each book is developed de novo, the 
chapters are coordinated so that the resulting volume imparts greater knowledge 
than the sum of the information contained in the individual chapters.

“Nitrite and Nitrate in Human Health and Disease”, edited by Nathan S. Bryan, 
Ph.D. and Joseph Loscalzo, M.D., Ph.D., clearly exemplifies the goals of the 
Nutrition and Health Series. For many of us who learned about the potential 
adverse effects of nitric oxide as an environmental air pollutant and the potentially 
carcinogenic effects of nitrosamines, seeing a volume on nitrate and nitrite may 
appear at first glance as a toxicology volume. This is not the case. Nitric oxide (NO) 
still remains an air pollutant; however, within human blood vessels, this short lived 
gas acts to dilate vessels and lower blood pressure and also maintains the integrity 
of platelets. This first comprehensive review of the science behind active nitrogen-
containing molecules and their effects in humans is of great importance to the 
nutrition community as well as for health professionals who have to answer client 
questions about this new area of clinical research.
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The two editors are highly qualified in nitrate and nitrite investigations. Dr. Bryan 
is currently Assistant Professor at the University of Texas Health Sciences Center’s 
Institute of Molecular Medicine in Houston TX. He has been a pioneer in recognizing 
the salubrious effects of dietary nitrite and nitrate and elucidating the novel 
metabolism of nitrate and nitrite in humans. He has published extensively in this 
area. Dr. Bryan is a member of the Society for Free Radical Biology and Medicine, 
American Physiological Society, Nitric Oxide Society, American Heart Association 
and the American Association for the Advancement of Science. Joseph Loscalzo, 
M.D., Ph.D is the Hersey Professor of the Theory and Practice of Medicine at 
Harvard Medical School and serves as Chairman of the Department of Medicine and 
Physician-in-Chief at Brigham and Women’s Hospital in Boston, Massachusetts. Dr. 
Loscalzo is recognized as an outstanding cardiovascular scientist, clinician, and 
teacher. Dr. Loscalzo was one of the early pioneers in the nitric oxide field with 
many of his seminal publications and discoveries dating from the early 1980s. He 
was the first to demonstrate the formation of S-nitrosoproteins and to elucidate the 
antithrombotic and antiplatelet mechanisms of NO, as well as many other contribu-
tions to this field. He has received many awards, including the Clinician-Scientist 
Award, the Distinguished Scientist Award, the Research Achievement Award, and 
the Paul Dudley White Award from the American Heart Association; a Research 
Career Development Award, a Specialized Center of Research in Ischemic Heart 
Disease Award, and a MERIT Award from the National Institutes of Health; the 
George W. Thorn Award for Excellence in Teaching at Brigham and Women’s 
Hospital, and Educator of the Year Award in Clinical Medicine from Boston 
University; the Glaxo Cardiovascular Research Award, and the Outstanding 
Investigator Prize from the International Society for Heart Research; and election to 
the American Society for Clinical Investigation, the Association of American 
Physicians, and the Institute of Medicine of the National Academy of Sciences.

“Nitrite and Nitrate in Human Health and Disease” represents the first compre-
hensive compilation of the newest science of inorganic nitrite and nitrate in human 
health, and it is to the credit of Drs. Bryan and Loscalzo that they have organized 
this volume so that it provides an in-depth overview of the natural occurrence and 
biochemistry of relevant nitrogen-containing molecules; human exposure to nitrate 
and nitrite; and the latest research on the role of nitrate and nitrite in normal health, 
cardiovascular disease, and related conditions, as well as their use as therapeutic 
agents. Of importance, this volume includes an in-depth review in the final section 
that re-examines the role of nitrosamines (which can be formed from nitrite and 
nitrate) in human cancer risks.

The volume is organized into three comprehensive sections. The first section 
includes four chapters that define the biochemistry, metabolism, and physiology of 
the nitrogen-containing compounds. The first chapters review the major processes 
involved in the biochemical steps from the capturing of nitrogen from the atmo-
sphere through the generation of nitric oxide (NO), nitrite, and nitrate within the 
human body. The chapters provide the reader with a basic understanding of the 
interactions between the inert gas, nitrogen, that comprises 78% of our atmosphere 
and natural physical events, such as lightning strikes and volcanic eruptions, that 
result in the formation of active compounds. The most abundant source of active 
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nitrogen compounds result from plant fixation of nitrogen with the help of anerobic 
microorganisms that are capable of conversion of atmospheric nitrogen into inor-
ganic nitrogen-containing compounds that can be incorporated into essential amino 
acids and proteins, nucleic acids, and enzymes. In addition to a full description of 
the traditional nitrogen cycle, there is also a complete and detailed discussion of the 
novel nitrogen cycle that was first elucidated in the 1980s and resulted in naming NO 
as the Molecule of the Year in 1992 and the awarding of the Nobel Prize in Medicine 
to Dr. Louis J. Ignarro, Robert Furchgott, and Ferid Murad. Dr. Ignarro has gener-
ously provided a most insightful Foreword for this important volume.

The two final chapters of the first section describe the formation of NO within 
the human body and its role in delivering oxygen to tissues under very low oxy-
gen pressures. Nitrite binds to hemoglobin, and when it is delivered to ischemic 
or hypoxic tissue beds, it dilates the arterioles permitting more of the oxygen-
carrying hemoglobin to reach these tissues. These highly complex reactions are 
excellently illustrated in the figures in the chapter. The genetic polymorphisms 
that are associated with alterations in the enzymes required for conversion of 
active nitrogen compounds and the effects on delivery of oxygen to tissues are 
also reviewed.

The next chapter, that follows logically from the previous chapter, discusses the 
sources of nitrate and nitrite, and reminds us that naturally occurring nitrogen-
containing compounds have been used throughout human history to reduce heart 
pain (angina) as well as to reduce the spoiling of foods (salt peter, as an example). 
Ground water is a major source of nitrate, as are fruits and vegetables. This chapter 
also includes an examination of the potential sources of nitrosamines and reviews 
the environmental conditions that can result in their formation within the body. 
The take-home message from the introductory chapters and throughout the volume 
is that the level and duration of exposure to nitrate and nitrite is the keys to whether 
these molecules are of benefit or may be harmful to health.

The second section contains six chapters on food and environmental exposures 
to nitrite and nitrate. The chapter on the history of use of nitrate in foods postulates 
that one potential reason that many of the randomized controlled clinical trials of 
antioxidants have not shown significant decreases in cardiovascular disease is that 
there was no inclusion of nitrate or nitrite sources that may have helped optimize 
vascular function and health. There is an important review of the Mediterranean and 
DASH diets as these diets contain higher than average intakes of fruits and vegeta-
bles that are major sources of nitrate and nitrite. Dr. Willett, in the next chapter, 
outlines the critical issues involved in capturing the level of exposure to nitrate and 
nitrite in the human diet and examines the methodologies used in collecting epide-
miological data on intakes and biochemical indicators of status. At present there is 
no validated assessment of nitrate or nitrite content in foods and the lack of this 
critical tool has resulted in many differing values for exposures. Also, there is no 
acceptable biomarker of long term intake. The suggestion is to utilize currently 
validated food frequency questionnaires, estimate nitrate and nitrite levels based 
upon published studies and measure intakes at multiple time points in prospective 
cohort studies as this model is the least compromised in terms of recall and other 
potential biases.
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The next chapter reviews the sources of nitrate and nitrite in our food supply and 
environment. The novel discovery of the oral cavity’s role in nitrate balance within 
the human body is explained with great depth. This chapter provides a clear under-
standing of the importance of anerobic bacteria that live within the tongue and in 
our mouth and describes the metabolism of nitrate, its functions within the blood 
stream, and its elimination. Salivary nitrate and nitrite levels are much higher than 
those in the blood and represent a recycling of both exogenous and endogenous 
sources. The potential effects of nitrate and nitrite are modulated by other constitu-
ents, such as antioxidant vitamins and flavanols, found in the same food sources. 
The next chapter reviews the important role of flavanols and polyphenols in affecting 
the activity of the key enzyme involved in NO generation within blood vessels, 
endothelial nitric oxide synthase, that results in vascular dilation. The chapter 
includes an extensive discussion of methodologies used to measure vascular health 
as well as the biochemistry of NO synthesis. Two unique chapters complete this 
section of the volume. The first examines the critical role of nitrate and nitrite found 
in human breast milk. Colostrum contains higher concentrations than later milk and 
may be involved in protecting the neonate from infections when the immune system 
is not yet fully developed. The concentrations of nitrate and nitrite in human milk 
are compared to those found in infant formula, cow’s milk and soy milk formulas, 
all of which have lower concentrations than seen in human breast milk. FDA regu-
lations of infant formula levels are reviewed and this information complements the 
next chapter that describes the numerous regulations in the US and globally of 
nitrate/nitrite levels in ground water and processed meats. Regulatory bodies 
include the EPA, FDA, USDA, and the WHO. The regulations include the addition 
of antioxidants to processed meats to reduce potential nitrosamine formation. 
Often, the concentrations that represent the upper levels of intake by the regulatory 
bodies are significantly lower than the concentrations found naturally in certain 
foods such as spinach. Several authors suggest that regulations be re-examined 
based upon the new data on the importance of nitrate and nitrite for cardiovascular 
health and other health benefits. Authors and the editors agree that using a process 
such as that used by the US Institute of Medicine to determine intake levels for 
essential nutrients, may be of value in determining safe and effective levels of 
intake for nitrate and nitrite.

The third section reviews the newest data on nitrate and nitrite use in therapeu-
tics and disease conditions and includes seven chapters. In order to develop thera-
pies that utilize the synthesis of NO, there must be a clear understanding of the 
enzymatic reactions that naturally result in NO formation, the dietary sources of 
precursor molecules, and the endogenous and environmental factors that modulate 
the formation as well as destruction of these biologically active nitrogen-containing 
species. The next chapters review these reactions and provide relevance to the studies 
of L-arginine as a precursor and the development of NO forming drugs used to treat 
angina and erectile dysfunction by dilating relevant blood vessels. Inhaled NO is 
currently being used in serious therapeutic cases to increase pulmonary vasodila-
tion. Owing to the potential for NO to combine with oxygen and create highly 
reactive molecules that can damage the lung and other tissues, the control of the 
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concentration of NO that is utilized is critical. This is especially true when NO is 
used in the treatment of premature infants who lack maturity in their lungs and may 
develop bronchopulmonary dysplasia. Inhaled NO is also used to treat acute respi-
ratory distress syndrome and acute lung injury. There are detailed descriptions of 
the animal models that have been developed to better understand the value and 
limits of NO inhalation in severe lung diseases. The medical conditions associated 
with the use of nitrovasodilators are described in detail in the next chapter. 
Nitrovasodilators are used in the treatment of stable and unstable angina, conges-
tive heart failure and myocardial infarction. The complex pharmacology and 
metabolism of the drugs are reviewed. As an example, cyanide radical is released 
when sodium nitroprusside is metabolized; control of exposure to this toxic mole-
cule is obviously essential.

The next three chapters examine the potential for nitrate and nitrite to serve as 
therapeutic agents under different disease conditions. The chapter on ischemia-
reperfusion (IR) injury describes the effects of IR injury on the heart, lungs, liver, 
kidney and brain. Active nitrogen-containing molecules can blunt the formation of 
reactive oxygen radicals known to be the major causes of IR injury. Other condi-
tions that are also prone to IR cellular damage include sickle cell anemia and 
peripheral artery disease and low dose nitrite therapies are being explored as thera-
pies in these and other relevant conditions. Traditional Chinese Medicines (TCM) 
that have been used for thousands of years for cardiovascular indications are often 
composed of the roots, stems and leaves of plants. The plants have been recently 
analyzed for their nitrate, nitrite contents, the values are tabulated in the next 
chapter, and a full discussion of the combinations of herbs and other plants are 
described in detail. As indicated earlier, the question of the association of nitrate 
and nitrite with cancer risk is examined in great detail in the next chapter. It appears 
that there are inconsistent data from human epidemiological studies. The literature 
consistently reports a decreased risk of many cancers, including lung, breast,  
and colorectal in populations with the highest intakes of fruits and vegetables, 
especially green and yellow vegetables that have high concentrations of nitrate  
and nitrite. The literature also reports a higher risk of stomach cancer in individuals 
with the highest intakes of pickled, processed, and cured meats that are also con-
centrated sources of nitrate and nitrite. The laboratory animal studies may not be 
relevant to human intake levels as animals are often exposed to very high intakes 
of nitrate and nitrite. One argument that is raised is that stomach cancer has signifi-
cantly decreased over the past decades and this may be linked to the addition of 
antioxidants to cured meats. The critical issue, discussed in the final chapter writ-
ten by the volume’s editors, is the perception of the negative effects of nitrate and 
nitrite in the minds of many health professionals based upon the early findings of 
increased cancers in animals exposed to very high intakes of nitrate and nitrite and 
the well recognized fact that nitrosamines are mutagenic and may be carcinogenic 
under the appropriate conditions. This volume presents compelling data to support 
a paradigm shift in the understanding that nitrate and nitrite can be of great benefit 
to health if consumed at the right levels and if used therapeutically with the proper 
precautions.
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The logical sequence of chapters enhances the understanding of the latest 
information on the current standards of practice for clinicians, related health 
professionals including the dietician, nurse, pharmacist, physical therapist, behav-
iorist, psychologist, and others involved in the team effort required for successful 
treatment of cardiovascular and other relevant diseases, as well as conditions that 
adversely affect normal metabolic processes. This comprehensive volume also has 
great value for academicians involved in the education of graduate students and 
post-doctoral fellows, medical students, and allied health professionals who plan to 
interact with patients with disorders that can be beneficially affected by the addition 
of nitrate and nitrite to the diet or by use of pharmacological agents that utilize 
active nitrogen-containing drugs.

Cutting edge discussions of the roles of signaling molecules, growth factors, 
hormones, cellular and nuclear receptors, and all of the cells directly involved in NO 
metabolism are included in well-organized chapters that put the molecular aspects 
into clinical perspective. Of great importance, the editors have provided chapters 
that balance the most technical information with discussions of its importance for 
clients and patients as well as graduate and medical students, health professionals 
and academicians.

The volume contains over 40 detailed tables and figures that assist the reader in 
comprehending the complexities of the nitrogen cycles and the metabolism of nitrate 
and nitrite within the body. The over-riding goal of this volume is to provide the health 
professional with balanced documentation and awareness of the newest research and 
therapeutic approaches including an appreciation of the complexity of this relatively 
new field of investigation. Hallmarks of the 17 chapters include, key words, and bul-
leted key points at the beginning of each chapter, complete definitions of terms with 
the abbreviations fully defined for the reader and consistent use of terms between 
chapters. There are over 1,400 up-to-date references; all chapters include a conclusion 
to highlight major findings. The volume also contains a highly annotated index.

This unique text provides practical, data-driven resources based upon the totality 
of the evidence to help the reader understand the basics, treatments, and preventive 
strategies that are involved in the understanding of the role of a critical gas, NO, in 
the control of blood flow through the body as well as the modulation of platelet 
function. The overarching goal of the editors is to provide fully referenced informa-
tion to health professionals so they may have a balanced perspective on the value 
of various preventive and treatment options that are available today as well as in the 
foreseeable future.

In conclusion, “Nitrite and Nitrate in Human Health and Disease,” edited by 
Nathan S. Bryan, Ph.D., and Joseph Loscalzo, M.D., Ph.D., provides health profes-
sionals in many areas of research and practice with the most up-to-date, well refer-
enced and comprehensive volume on the current state of the science and medical 
uses of active nitrogen-containing molecules. This volume will serve the reader as 
the most authoritative resource in the field to date and is a very welcome addition 
to the Nutrition and Health Series.

 Adrianne Bendich, Ph.D, FACN
Series Editor
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Foreword

The short-lived, free radical molecule nitric oxide (NO) has emerged as one of the 
most versatile cell signaling transmitters produced by mammalian biological systems. 
NO, identified as ‘endothelium-derived relaxing factor’ and proclaimed ‘Molecule of 
the Year’ in 1992, functions critically in physiology, neuroscience, and immunology. 
The vascular effects of NO alone include vasodilatation, inhibition of platelet aggre-
gation and leukocyte adhesion to the endothelium, scavenging of superoxide anions, 
and inhibition of smooth muscle cell hyperplasia. Early studies on NO stemmed from 
work with nitroglycerin in an attempt to elucidate the mechanism through which it 
relieved pain due to angina pectoris. It was discovered that the formation of NO from 
nitroglycerin accounts for its therapeutic efficacy for angina by dilating constricted 
and diseased blood vessels in the heart. Not surprisingly, some of the most prevalent 
diseases result, at least in part, from decreased NO availability, for example, hyperten-
sion, atherosclerosis, diabetes mellitus, and hypercholesterolemia.

The discovery of the formation of NO from the semi-essential amino acid L-arginine 
through one of three isoforms of nitric oxide synthase provided a key therapeutic tar-
get, which is still the focus of much research today. Dietary supplementation of 
L-arginine has been shown to enhance NO production in healthy individuals (despite 
already saturated extracellular concentrations), and this may provide both cardiovascu-
lar protective effects and enhance athletic performance. Indeed, endothelial dysfunc-
tion, an early sign of cardiovascular disease, has been reversed through enhanced NO 
production. This observation leads us to believe that intervention through the 
NO-pathway is a viable route for treatment and prevention of vascular dysfunction.

Recently, the oxidative ‘waste’ products of nitric oxide, nitrite and nitrate, have 
been evaluated in a new context, due to their ability to form NO independent of 
nitric oxide synthase enzymes, through reductive electron exchanges. Since nitrate 
(as well as nitrite) are primarily ingested in the form of fruits and vegetables, which 
have been known for some time to protect against diseases from atherosclerosis to 
cancer, a new paradigm has emerged regarding the role of these once feared nitro-
gen oxides. Both public and scientific perception of nitrite and nitrate still revolve 
around fears of nitrosamine formation and carcinogenesis. What has not been con-
sidered, however, is the fact that consumption of antioxidants with nitrite and nitrite 
(both significant components of fruits and vegetables) inhibits the formation of 
nitrosamines in the gastric milieu. Furthermore, a human nitrogen cycle consisting 
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of commensal bacteria in the oral cavity, which serve a reductive role in the conversion 
of approximately 20% of ingested nitrate to nitrite, now appears to provide a sig-
nificant NOS-independent source of NO generation.

This body of work may have revolutionary implications in terms of developing 
strategies to combat heart disease and many other contemporary diseases associated 
with a NO deficiency. Furthermore we may finally have an explanation for the 
many known and undisputed benefits of the Mediterranean diet. Perhaps now we 
should consider nitrite and nitrate as the bioactive food components that account for 
the protective benefits of certain foods and diets. Numerous clinical trials of supple-
mentation with various antioxidants borrowed from heart-healthy diets, such as 
those typical of Mediterranean countries, have consistently failed to replicate the 
protective effects of the foods themselves. Consistently absent, but the primary 
human source, is dietary nitrate and nitrite. Recent work has shown various cardio-
protective effects from modest supplementation of nitrite and nitrate. Nitrite, in 
particular, has been shown to prevent hypercholesterolemic microvascular inflam-
mation and protect against injury from ischemic events.

The broader context of research regarding nitrate, nitrite, and nitric oxide sug-
gests these simple nitrogen oxides serve as a critical dietary component for protec-
tion against various chronic diseases. Currently, heart disease and cancer lead the 
nation in cause of deaths. Concurrently, the dietary patterns of the West have tran-
sitioned towards heavily processed foods and lack significant quantities of fruits 
and vegetables. The explanations have been varied but overlook simple molecules 
known to play critical roles in multiple organ systems through the chemical mes-
senger NO. The dietary contributions to normal NO homeostasis would not only 
help explain significantly lower rates of cardiovascular disease in those who regu-
larly consume fruits and vegetables, but also arm scientists and physicians with a 
relatively simple and inexpensive therapeutic intervention.

This text effectively overviews the important role nitrite and nitrate play in bio-
logical systems and NO homeostasis. A risk benefit analysis has shown nitrite and 
nitrate present no danger when consumed in modest quantities and preferably with 
antioxidants. In fact, research appears to suggest nitrite acts as a redundant NO 
reservoir when NOS activity is insufficient or stress requires a secondary source. 
The future use of nitrite/nitrate in dietary considerations will likely have a signifi-
cant impact on current public health policy. This book brings the NO-story full 
circle and presents novel thought on the future treatment for many of the country’s 
most pressing health issues. This is a relatively new area of nitric oxide research but 
a very exciting one. The L-arginine pathway for NO synthesis may turn out to be 
only part of the story. The symbiosis between humans and the bacteria that reside 
in and on our body may be just as important in terms of utilizing nitrate and nitrite 
to make NO under conditions when the oxidation of L-arginine is dysfunctional. 
Drs. Nathan S. Bryan and Joseph Loscalzo have assembled the world’s experts to 
present a first of its kind, comprehensive work on nitrite and nitrate in human health 
and disease, carefully examining the context for a risk benefit assessment.

 Louis J. Ignarro, Ph.D. 
1998 Nobel Laureate in Medicine
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Preface

Our major objective and driving force in developing Nitrite and Nitrate in Human 
Health and Disease is to consolidate all the key research and knowledge in one 
volume in order to establish a framework based on the totality of evidence for 
nitrite and nitrate and the effects of these two anions on human health and disease. 
Although the biomedical science community is excited and optimistic about the 
potential for developing new therapeutics and perhaps regimens of disease preven-
tion based on their ability to generate nitric oxide under appropriate conditions, 
epidemiologists, nutritionists, and cancer biologists have cause for concern due to 
the inherent nitrosative chemistry of nitrite and NO that could form potentially 
carcinogenic N-nitrosamines. This is the first book in the Springer/Humana 
Nutrition Series dedicated to understanding the nutritional aspects of nitrite and 
nitrate for human health. It is our intent to deliver a comprehensive review of nitrite 
and nitrate, from basic biochemistry to the complex physiology and metabolism of 
these two naturally occurring molecules in the human body.

Overall, the book contains well-organized and well referenced chapters by 
respected scientists and physicians that covers the rich history of nitrite and nitrate, 
sources of exposure and physiological effects when consumed through foods con-
taining nitrite and nitrate. The first portion of the book describes the biochemistry, 
metabolism, and physiology of nitrite and nitrate, how these molecules get incorpo-
rated into the foods we eat, and how they are systematically metabolized to bioactive 
nitric oxide. This involves the environmental processes of nitrogen fixation and the 
presence of a human nitrogen cycle involving symbiotic bacteria that reside in and 
on the human body. The book then shifts focus to the sources of exposure to nitrite 
and nitrate, both environmental and dietary, as a means to quantify exposure esti-
mates and what this may mean for human health. We discuss the epidemiology and 
dietary effects on the nitric oxide pathway. This portion of the book also examines 
systems in nature in which this pathway is exploited, including the breast milk of 
nursing mothers. Finally, the last section of the book discusses nitric oxide-based 
therapeutics and how nitrite and nitrate biochemistry can be harnessed safely and 
efficaciously to improve human health through the production of nitric oxide. We 
end with a summary of the collective body of knowledge presented in the book and 
what we might expect going forward. Each chapter begins with Key Points that 
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outline the concepts presented to assist the reader in understanding the fundamental 
principles presented.

It is undisputed in the biomedical community that NO is one of the most impor-
tant molecules the human body produces. If NO is such an important molecule in 
practically every organ system in our body, why, then, is there only a singular path-
way for its production, i.e., the complex oxidation of l-arginine? Phosphorylation 
is another fundamental cellular process that is just as important in cell signaling, 
with over 500 recognized kinases and many phosphatases to regulate this biochemical 
process; by contrast, there is only one class of enzymes, the nitric oxide synthases, 
to produce NO. Most physiological systems are rich in redundancy, allowing 
backup systems to support the primary system. The provision of nitrate and nitrite 
as sources of NO may then be viewed as a system of redundancy. After all, a one-
electron reduction is energetically and kinetically favorable to a five-electron 
oxidation.

According to the World Health Organization, cardiovascular disease is the num-
ber one killer of both men and women in the United States. These deaths represent 
a staggering 40% of all deaths. Close to 1 million people die each year and more 
than 6 million are hospitalized due to cardiovascular disease. Therefore, developing 
new strategies to correct NO insufficiency and replete NO availability is of para-
mount importance and could potentially save millions of lives worldwide and 
lessen the burden on the health care system. We now appreciate that reduced or 
insufficient NO production or activity is a hallmark of a number of disorders, 
including many complex, chronic cardiovascular diseases and even Alzheimer’s  
diseases. Therefore, developing new strategies to restore and replete bioactive NO 
is of paramount importance and could potentially lessen the burden of disease for 
society. Thus, understanding the biological activity of nitrite and nitrate may not 
only lead to novel treatments for disease but may lead to strategies to prevent dis-
ease development or progression and even the physiological basis for the benefits 
of certain diets such as the Mediterranean diet. To achieve this laudable goal, we 
must first establish the context for potential benefit while preventing unwanted 
risks or harm. We hope the information provided in this text will begin to help 
define that context, be a source of valuable information, and be useful for anyone 
who wants the most important and updated information about nitrate and nitrite.

We have invited the world’s leading experts to share their research and per-
spectives which we hope will help define the context for benefits vs. any potential 
risks associated with nitrite and nitrate, either through dietary ingestion or thera-
peutic dosing. This diverse collection of authors includes muscle biologists, 
physiologists, physicians, epidemiologist, cancer biologist, registered dietician, 
chemist, and public health experts from five countries around the world in both 
academia and government. This approach provides a fair and balanced view of 
nitric oxide biochemistry, nitrite and nitrate biochemistry in physiology and in the 
food sciences. As a result, we are indebted to these many individuals. We realize 
the time and dedication it takes to compose a book chapter on the latest body of 
knowledge, and, thus, appreciate these authors’ taking time to help up develop this 
volume. We also sincerely thank Springer-Humana Press for including this body 
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of work in the Nutrition and Health Series with Dr. Adrianne Bendich as Series 
Editor. This is an exciting time in NO and nitrite-based research. This has been 
– and we predict will continue to be – an area of intense research in the future. It 
is our hope that the information contained herein will educate and inform scientists, 
physicians, health care professionals, nutritionists, dieticians, and even the general 
public on the effects of nitrite and nitrate in human health and disease.

Houston, TX  Nathan S. Bryan Ph.D.
Boston, MA  Joseph Loscalzo M.D., Ph.D.
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The discovery of the nitric oxide (NO) pathway in the 1980s represented a critical 
advance in the understanding of cell signaling and subsequently into major new 
advancements in many clinical areas including, but not limited to cardiovascular 
medicine. This seminal finding was viewed as so fundamentally important that the 
Nobel Prize in Physiology or Medicine was awarded to its discoverers, Drs. Louis 
J. Ignarro, Robert Furchgott, and Ferid Murad in 1998, a short 11 years after NO 
was identified. The Swedish Nobel Assembly sagely noted, “The signal transmis-
sion by a gas that is produced by one cell, penetrates through membranes and regu-
lates the function of another cell, represents an entirely new principle for signaling 
in biological systems.” It was shocking to realize that NO, a colorless, odorless gas, 
was able to perform such important biochemical functions. Dr. Valentin Fuster, then 
president of the American Heart Association, noted in a 1998 interview that “the 
discovery of NO and its function is one of the most important in the history of 
cardiovascular medicine.” More than a decade after the Nobel Prize was awarded 
for the discovery of NO and after more than 100,000 scientific papers have been 
published on it, we still don’t have a firm grasp on its production and regulation or 
understand all of its biological functions.

Although one of the simplest biological molecules in nature, NO has found 
its way into nearly every phase of biology and medicine, ranging from its role as 
a critical endogenous regulator of blood flow and thrombosis to a principal 
neurotransmitter-mediating penile erectile function, as well as a major patho-
physiological mediator of inflammation and host defense. Continuous generation of 
NO is essential for the integrity of the cardiovascular system, and decreased pro-
duction and/or bioavailability of NO is central to the development of many cardio-
vascular disorders. Research has since shown that NO is just as important in 
other organ systems. NO is important for communication in the nervous system, 

N.S. Bryan (*) 
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and is a critical molecule used by the immune system to kill invading pathogens, 
including bacteria and cancer cells. The production of NO from l-arginine is a 
complex and complicated biochemical process involving a 5-electron oxidation 
with many cofactors and prosthetic groups. As a result, there are many steps and/
or factors that may be altered and affect ultimate NO production. Once produced, 
NO can be quickly scavenged before it has a chance to perform its actions. It is, 
therefore, the generation of NO reflects the results of a war of attrition. It is truly a 
remarkable feat that this short-lived gas is responsible for so many essential cellular 
activities.

The major metabolic pathway for NO is the stepwise oxidation to nitrite and 
nitrate. In plasma NO is oxidized almost completely to nitrite or nitrate. The half-life 
of nitrite in human blood is about 110 s. Nitrate on the other hand has a circulating 
half life of 5–8 h. During fasting conditions with a low previous intake of nitrite/
nitrate, enzymatic NO formation accounts for the majority of steady-state blood 
levels of nitrite. On the basis of these observations, it was believed that bioactive NO 
was acutely terminated by oxidation to nitrite and nitrate. Consistent with this view, 
for the past 20 years, we have used plasma nitrite as a biomarker to reflect acute 
changes in endogenous NO production. Nitrate on the other hand is somewhat sensi-
tive to chronic changes in endogenous NO production; however, dietary factors often 
confound the use of nitrate as a biomarker of NO activity. Research over the past 
10–15 years has now questioned this NO inactivation cascade. A new paradigm has 
emerged whereby nitrate and nitrite, instead of being inert oxidation production of 
NO, can be recycled to reform NO under certain conditions. In 1994, two groups 
independently presented evidence for the generation of NO in the stomach resulting 
from the acidic reduction of inorganic nitrite. Benjamin and colleagues demonstrated 
that the antibacterial effects of acid alone were markedly enhanced by addition of 
nitrite, which is present in saliva, whereas Lundberg and colleagues measured high 
levels of NO in expelled air from the stomach in humans. These levels were abolished 
after pretreatment with a proton pump inhibitor and markedly increased after inges-
tion of nitrate, showing the importance of both luminal pH and the conversion of 
nitrate to nitrite for stomach NO generation. These were the first reports of NO syn-
thase-independent formation of NO in vivo. In the classical NO synthase pathway NO 
is formed by oxidation of the guanidino nitrogen of l-arginine with molecular oxy-
gen as the electron acceptor. This complex reaction is catalyzed by specific heme-
containing enzymes, the NO synthases, and the reaction requires several cofactors. A 
very simplified schematic of the l-arginine-NO pathway is illustrated in Fig. 1.1. The 
alternative pathway was fundamentally different; instead of l-arginine, it used the 
simple inorganic anions nitrate (NO

3
−) and nitrite (NO

2
−) as substrates in a stepwise 

reduction process that did not require NO synthase or cofactors.
The biochemical pathway and biological effects of nitrate reduction to nitrite 

and further on to NO in the gastrointestinal tract is now better understood. Oral 
commensal bacteria are essential for the first step in the nitrate–nitrite–NO pathway 
since they are responsible for the enzymatic reduction of the higher nitrogen oxide 
nitrate to form nitrite. It was known from the literature that the salivary glands 
extract nitrate from plasma, but the reason for this active process was not explained. 
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This active process leads to levels of salivary nitrate that are 10–20-fold higher than 
in plasma. Oral facultative anaerobic bacteria, residing mainly in the crypts of the 
tongue, then reduce nitrate to nitrite by the action of nitrate reductase enzymes. 
This relatively effective bacterial nitrate reduction results in salivary levels of nitrite 
that are 1,000-fold higher than those found in plasma. When nitrite-rich saliva 
meets the acidic gastric juice, nitrite is protonated to form nitrous acid (HNO

2
), 

which then decomposes to NO and other nitrogen oxides. It is now established that 
oral commensal bacteria are pivotal in gastric NO formation. The presence of anti-
oxidants can facilitate the reduction of nitrite to NO. This pathway becomes 
extremely important when you consider that nitrite and nitrate are part of our diet, 
which means that there is now a recognized pathway to affect endogenous NO 
production based on which foods we eat. The nitrate–nitrite–NO pathway is illus-
trated in Fig. 1.2.

This emerging paradigm of the benefits of dietary sources of nitrite and nitrate 
may come as a surprise to many since historically nitrite and nitrate have been 
viewed as adversely affecting our food supply and drinking water. The early impli-
cations of dietary nitrite and nitrate causing methemoglobinemia and their propen-
sity to form potentially carcinogenic N-nitrosamines have led to government efforts 
to quantify exposure rates in humans and establish regulations on the amounts in 
our food supply and drinking water. Since the early 1970s there have been both 
government and academic research efforts to understand the toxicology of nitrite, 
nitrate, and N-nitrosamines. That collective body of science is presented in several 
of the chapters with the hope that the reader can distill the burden of evidence on 
the risks and benefits of exposure to sources of nitrite and nitrate.

Fig. 1.1 The l-arginine-nitric oxide pathway
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As we move forward with paradigm shifts and medical discoveries, the scientific 
community’s main objective is to understand mechanisms of disease development 
to the extent needed to design rational therapies but with the ultimate goal of devel-
oping strategies for the prevention of human diseases. One could make a strong 
argument that diet should be a first target for disease prevention. Very little can 
affect our health more than what we choose to eat and our daily lifestyle habits. The 
realization of a nitrate–nitrite–NO pathway suggests that NO can be modulated by 
the diet independent of its enzymatic synthesis from l-arginine, e.g., the consump-
tion of nitrite- and nitrate-rich foods, such as fruits, leafy vegetables, and some 
meats along with antioxidants. Antioxidants, such as vitamin C and polyphenols, 
can positively affect NO production from both pathways. First, they help protect 
the essential cofactors for the NOS pathway, such as tetrahydrobiopterin, from 
becoming oxidized and, therefore, promote l-arginine conversion to NO. Second, 
the presence of antioxidants protects NO from being scavenged once it is produced. 
Third, vitamin C and polyphenol can facilitate the reduction of nitrite to NO in the 
presence of an electron acceptor, thereby providing a recycling pathway. Lastly, 
vitamin C and polyphenol are very potent inhibitors of nitrosation reactions. 
Collectively, antioxidants promote beneficial effects of nitrate and nitrite reduction 
to NO and prevent any unwanted nitrosation reactions.

Regular intake of nitrate- and nitrite-containing foods may ensure that blood and 
tissue levels of nitrite and NO pools are maintained at a level sufficient to compensate 

Fig. 1.2 The nitrite–nitrate–NO pathway
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for any disturbances in endogenous NO synthesis. Since low levels of supplemental 
nitrite and nitrate have been shown to enhance blood flow, dietary sources of NO 
metabolites can, therefore, improve blood flow and oxygen delivery, and protect 
against various cardiovascular disease states or any condition associated with NO 
insufficiency. This view has led to the current belief that a healthy diet focus not 
only on reducing fat and caloric intake, but on adding foodstuffs promoting NO 
bioactivity, which can include foods enriched in l-arginine and antioxidants to 
promote NO production and availability. This pathway is also the current focus of 
a number of biotechnology and pharmaceutical companies in their attempts to 
develop NO and nitrite-based therapeutics.

In 2006, total healthcare expenditures in the U.S. exceeded $2 trillion, or $6,700 
per person. This trend is expected to increase over the coming years, reaching $4 
trillion in 2015. Currently, costs associated with chronic diseases such as obesity, 
diabetes, hypertension, and coronary artery disease account for 75% of the nation’s 
annual healthcare costs. According to the American Heart Association, an esti-
mated 81 million people had one or more forms of cardiovascular disease in the 
U.S. in 2006, including hypertension, coronary artery disease, myocardial infarc-
tion, angina pectoris, stroke, and heart failure. Most, if not all, of the chronic condi-
tions mentioned above are the result of a dysfunctional endothelium and inability 
to produce NO and/or maintain NO homeostasis and signaling. Understanding and 
developing new strategies to restore NO homeostasis will have a profound impact 
on public health and on the healthcare system. Defining the context for the role of 
nitrite and nitrate in human health and disease is an essential first step in the 
process.
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Key Points

Nitrogen is the most abundant element in the atmosphere.•	
N•	

2
 chemically inert.

Conversion to biologically active, “fixed,” nitrogen requires considerable energy •	
input.
Nitrogen, inorganic nitrogen oxides, and organic nitrogen participate in complex •	
biological cycle.
The individual steps in the cycle may be used for respiration, anabolic processes, •	
detoxification, or host defense.
Plants and animals often have symbiotic relationships with specific micro-•	
organisms which catalyze the parts of the cycle which they are unable to do.
Mammals, including humans, have a complex nitrogen cycle which is, as yet, •	
only partly understood.
An understanding of the handling of nitrogen by micro-organisms may broaden •	
our understanding of the role of nitrate, nitrite, and nitric oxide in health and 
disease.

Keywords Nitrogen	fixation	•	Bacteria	•	Symbiosis	•	Nitrate	reductase	•	Fertilizers	•	
Denitrification

N. Benjamin (*) 
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Chapter 2
From Atmospheric Nitrogen to Bioactive 
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Introduction

Nitrogen atoms are a constituent part of a vast array of biologically important chemi-
cals from the complex, such as proteins and nucleic acids, to the apparently more 
simple dimolecular nitric oxide. Nitrogen (N

2
) gas makes up approximately 78% of 

the atmosphere. It is highly inert, being bound together by a triple bond that requires 
considerable energy to break (bond energy 940 kJ mol−1). Higher organisms lack the 
apparatus to do so. The conversion of nitrogen from inert N

2
 to fixed, and, thus, 

biologically available nitrogen is essential to life on earth and requires dedicated 
multi-step enzymatic pathways; vast amounts of energy in the case of lightning; or 
a combination of heat, pressure, and metallic catalysts in the Haber–Bosch process. 
The	overview	of	the	biological	nitrogen	cycle	is	illustrated	in	Fig.	2.1.

Theories exist that life on earth in its earliest and most primitive stages, when 
the gaseous constitution of the atmosphere was very different from that found 
today, used synthesized NO to detoxify ozone or oxygen [1] or, indeed, developed 
NO reductases to remove NO from the cell. Whatever the reason, the chemical 
properties of NO, NO

2
−, and NO

3
− played a key role in the lives of the most primi-

tive organisms. It is striking that as evolution progressed, higher organisms became 
utterly dependent on the nitrogen fixing and cycling abilities of their more primitive 
antecedents. Indeed, the ability to process nitrogen is no less important to familiar 
plants such as clover and their symbionts to extremophile bacteria.

Organic
nitrogen

Mammalian
Nitrate cycle
(see fig x)

Atmospheric N2

NH4+ NO2
−

NO

N2O

NO3
−

AnammoxFixation

denitrification

denitrification

denitrification

Nitrification

Assimilation

Respiration
Assimilation

Decomposition
Excretion of
nitrogenous waste

Dissimilation

Mammalian Organic
Nitrogen

Metabolism

L-Arginine
NOS

pathway

Fig. 2.1 Overview	of	the	biological	nitrogen	cycle.	For	details	see	text
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The surge in knowledge and interest in the microbial/environmental nitrogen 
cycle is mirrored by the burgeoning interest in the mammalian nitrate cycle and the 
role of its multifarious reactive nitrogen oxide intermediates in health and disease. 
The two are, however, rarely considered together.

Nitrate, Agriculture, and Economics

The importance of nitrogen for plant growth was realized in the nineteenth century, 
first by Boussingault and later by Gilbert and Lawes’ Rothamsted experiments [2]. 
Thus, readily available sources of fixed nitrogen were of considerable economic 
value. Guano, the nitrogen rich desiccated droppings of sea birds, proved to be a 
very valuable export commodity for Peru in the early and mid 1800s. Indeed, such 
was the economic value of fixed nitrogen that Chile contested a war with Bolivia 
and Peru from 1879 to 1883 [3]. Bolivia increased taxation on the export of nitrate 
mined by Chilean companies. In retaliation, Chile seized the Bolivian port of 
Antofogasta. Bolivia declared war on Chile with Peru joining the Bolivian side in 
line with a secret treaty. Chile won the conflict which ensued; consequently, the 
nitrate rich zones of Bolivia and Peru were ceded to Chile. The redrawn national 
boundaries also left Bolivia landlocked.

While these sources were economically important at the time, they did not represent 
a sustainable source of fixed nitrogen. Sustained plant growth requires continuing 
availability of fixed nitrogen. This can be derived from any of the following sources.

Nitrogen Fixation

Atmospheric nitrogen can be fixed via the following processes

 1. Microbial dinitrogen fixation
 2. Industrially by the Haber–Bosch process
	3.	 Fossil	fuel	combustion
 4. Lightning

Microbial Dinitrogen Fixation

The conversion of atmospheric nitrogen to a fixed, biologically available nitrogen 
species is the exclusive preserve of prokaryotes, eubacteria, and archea. Eukaryotes 
are not capable of this action. Collectively these organisms are known as diazotrophs. 
They fall into three distinct groups: free-living, symbiotic (within plant roots), and 
those with a loose association with another organism, typically plant roots.

Nitrogen fixation can only occur in anaerobic conditions. Nitrogenase, the enzyme 
responsible for fixing atmospheric nitrogen, is exquisitely sensitive to oxygen. 
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To maintain anaerobic conditions, a variety of approaches may be adopted: a very 
high respiration rate to maintain a low internal oxygen tension and/or binding of O

2
 

to leghemoglobin, a hemoglobin homologue, in the roots of leguminous plants [4].
The symbiotic relationship between rhizobia and leguminous plants is worthy of 

special consideration. The plant provides rhizobia, which are obligate anaerobes, 
with an anaerobic environment and sucrose in return for fixed nitrogen. The rhizo-
bia infect plant roots of compatible species. A signaling cascade takes place 
between the plant and rhizobia resulting in changes in gene transcription in the 
plant driving root nodule formation and progressive infection of the nodule.
Fixed	nitrogen	in	the	form	of	NH

3
 is transferred from an infected root cell to an 

adjacent uninfected cell for incorporation into amides, typically glutamate or aspar-
agine, or ureides, such as allantoin for transport to the upper part of the plant.

Haber–Bosch

Such was the economic importance of fixed nitrogen for agriculture, the develop-
ment of an industrial process became a prime concern for the chemical industry. In 
1910	Fritz	Haber	began	 to	develop	what	would	ultimately	become	known	as	 the	
Haber–Bosch process. This process, still widely used today, involves reacting N

2
 

and H
2
 gases at approximately 500°C and a pressure of 300 atm over an iron cata-

lyst to yield ammonia.

 Fe
2 2 3N 3H 2NH+ →  

Some estimates suggest that 40% of the plant derived protein consumed by 
humans globally is derived from fertilizers utilizing nitrogen fixed by the Haber–
Bosch process [5].

Fossil Fuel Combustion

The burning of fossil fuel for energy is responsible for less than 10% of the fixed 
biologically available nitrogen deposited on the terrestrial surface [6]. The majority 
of the nitrogen made biologically available via this route is already fixed. Burning 
fossil fuels simply releases it from long term sequestration in geological stores [7]. 
At sufficiently high temperatures some de-novo nitrogen fixation occurs.

Atmospheric Nitrogen Fixation by Lightning

While nitrogen fixation by lightning is a relatively minor player in the overall turn-
over of nitrogen within the global cycle, it is worth mentioning as it serves as a 
potent reminder of the magnitude of the energy investment required to fix nitrogen. 
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The conversion of N
2
 to NO and rapid oxidation to NO

2
 (nitrogen dioxide) in the 

upper atmosphere by lightning is notoriously difficult to study and quantify. The 
primary interest in this process pertains to its importance to stratospheric and tro-
pospheric chemistry and its impact on climate [8], as comparatively little of the 
nitrogen fixed in this way finds its way into biological systems.

Once fixed the nitrogen will enter anyone of a variety of biological pathways.

Nitrate Assimilation in Plants and Bacteria

Most plants do not have a symbiont partner to provide them with fixed nitrogen. 
For	those	plants	and	bacteria	unable	to	fix	nitrogen	independently,	nitrate,	found	in	
soil, is the preferred source of fixed nitrogen. Nitrate is initially reduced to nitrite 
and ultimately ammonium before being acted upon by glutamate synthase and 
incorporated into carbon skeletons as described above for transport elsewhere in the 
plant. Certain plant species reduce nitrate rapidly on entry into the root system. 
Others transport unmetabolized nitrate to the upper part of the plant.

Nitrification

Decomposition of organic nitrogen-containing compounds such as proteins by a 
wide variety of bacteria and fungi produces ammonium. This ammonium is oxi-
dized to nitrite and ultimately nitrate in reactions catalyzed by the chemolithoauto-
trophs nitrosomonas and nitrobacter which use the energy released to assimilate 
carbon from CO

2
.

 4 2 2 22NH 3O 2NO 4H 2H O  energy+ − ++ → + + +  

 2 2 32NO O 2NO  energy− −+ → +
 

It is worth noting that under certain circumstances, nitrifiers are capable of 
denitrification.

Denitrification

Fixed	nitrogen	is	converted	back	to	inert	nitrogen	gas	by	micro-organisms,	which	
utilize this multi-step reductive process as an alternative respiratory pathway to 
oxygen-dependent respiration in anaerobic or near anaerobic conditions. Oxygen 
respiration is more energetically favorable and is, thus, preferred. It is only when 
oxygen tension falls to levels that limit the microbe’s ability to respire that the 
enzymes of denitrification are expressed. Conversely, in conditions of rising oxygen 
tension, denitrification is inhibited.
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Some organisms are only capable of catalyzing part of the denitrification pathway. 
This may represent a defense mechanism in some important human pathogens, 
such as Neisseria gonorrhoea [9], which may use it as a device for surviving NO 
attack from the host.

Denitrification is a four stage process with each step catalyzed by complex 
multi-site metallo-enzymes.

 3 2 2 2
Nitric oxid DinieNit trogrite NitrogenNit en monoxiderite

NO NO NO N O N− −→ → → →  

Typically, nitrate reduction by membrane-bound nitrate reductase enzyme 
(NAR) occurs on the cytoplasmic side. Some organisms express a periplasmic 
nitrate reductase, NAP. Subsequent steps occur in the periplasm or on the periplas-
mic side of membrane-bound proteins. Thus denitrifying bacteria have developed 
specialized nitrate and nitrite transport mechanisms [10]. The nitrite produced by 
this process is further reduced to nitric oxide by either a heme or copper containing 
nitrite reductase, NIR [11]. The NO generated must be rapidly reduced to N

2
O as 

accumulation of NO would be fatal to the organism. Bacterial nitric oxide 
reductases (NOR) contain the typical components of the main catalytic subunit of 
heme/copper cytochrome oxidases [12]. The final step in the denitrification path-
way is the reduction of N

2
O to N

2
 by another copper containing enzyme, N

2
O 

reductase; while it represents the terminal step in a complete denitrification path-
way, it also represents a separate and independent respiratory process [13].

It is worth noting that NO, N
2
O, or N

2
 may be released in the denitrification 

process. The stoichiometry of the gas mix will be affected by the relative activities 
of the pertinent reductases.

The denitrification process is usually thought to occur in aerobic soil or sedi-
ment environments. Recently, it has emerged that a complete denitrification path-
way exists in human dental plaque [14], a finding that may have important 
implications in the mammalian nitrate cycle.

Dissimilatory Reduction of Nitrate to Ammonia

A third route for nitrate reduction exists that provides neither energy nor compo-
nents for anabolic processes within the cell. Dissimilatory nitrate reduction appears 
to exist as a method for detoxifying excess nitrite following respiratory reduction 
of nitrate or balancing an excessive quantity of reductants [15]. It is exclusively an 
anaerobic process. Under certain conditions such as may be found during photo-
heterotrophic growth [16], anaerobic marine sediments, and for some organisms in 
the human gastrointestinal tract [17] this may be the principal nitrate reduction 
pathway. A reductant-rich environment has a paucity of electron acceptors. 
Reduction of NO

2
− to NH

4
+ consumes six electrons compared with the two to three 

utilized in denitrification [18]. In these circumstances, dissimilatory nitrate reduction 
to ammonia is a key to maintaining the overall redox balance of the cell.
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Anammox

The biological nitrogen cycle was widely held to be complete until the discovery of 
a pathway for anaerobic ammonium oxidation in 1990 [19]. When a wastewater 
plant reported higher than expected generation of dinitrogen gas, investigations 
revealed that certain bacteria were able to oxidize ammonium using nitrite as the 
electron acceptor to generate energy for growth in anoxic conditions. This process 
was thought to provide sufficient energy for slow growth only, with a bacterial 
doubling time of 11 days [20]. It has since emerged that anammox may provide for 
more rapid growth with a doubling time of 1.8 days, approaching that of ammo-
nium oxidizers [21]:

 
4 2 2 2NH  NO N 2H O+ −+ → +  

As biologically available nitrogen is converted back to dinitrogen gas, anammox 
can be thought of as a form of denitrification. This entire complex pathway is illus-
trated	in	Fig.	2.1.

Nitrogen Balance in Mammals

In humans, nitrogen is principally ingested as protein. The average US young adult 
consumes approximately 90 g of protein daily [22]. This equates to about 14.5 g of 
nitrogen, nearly all of which is excreted in the urine as urea, creatinine, uric acid, 
and ammonia. Only a tiny proportion of this nitrogen is converted to nitric oxide 
via the nitric oxide synthase pathway. In healthy humans, about 1 mmol of nitrate 
is generated from l-arginine and then nitric oxide oxidation, which represents 
about one-thousandth of the amount of nitrogen ingested; during illness, such as 
gastroenteritis, this can increase by as much as eightfold [23].

Ruminants, and other mammals which rely on symbiotic bacteria to metabolize 
cellulose, can also make use of non-protein nitrogen sources for protein synthesis. 
Rumen bacteria can convert urea to ammonia which is used to produce amino acids 
that can be incorporated into mammalian proteins [24].

l-Arginine Nitric Oxide Synthase Pathway

Three distinct NOS isoforms exist in mammals: inducible, neuronal, and endothe-
lial. The loci of each give an indication as to the pluripotent effects of nitric oxide 
in mammals, with roles in host defense, neuronal and other cellular signaling pathways, 
and vascular control. l-arginine provides organic nitrogen as a substrate which, 
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with 2O
2
 and NADPH as a cofactor, is converted to nitric oxide and l-citrulline. 

The nitric oxide produced has a very short half-life, being rapidly oxidized in the 
presence of superoxide or oxyhemoglobin to nitrate, which enters the mammalian 
nitrate cycle.

Dietary Sources of Nitrate and Nitrite

Certain foods such as green leafy vegetables and beetroot are particularly rich in 
nitrate. Consumption of a typical Western diet results in the ingestion of approxi-
mately 1–2 mmol nitrate per day. Nitrite, because of its anti-botulism effect, has 
been used as preservative and colorant for centuries. In addition, humans are also 
exposed to biologically active nitrogen oxides from the combustion of fossil fuels 
or inhalation of tobacco smoke.

Enterosalivary Circulation of Nitrate/Nitrite/NO

The remarkable symbiosis between legumes and nitrogen fixing rhizobia finds its 
counterpoint in the relationship between nitrate-reducing bacteria hidden in crypts 
in mammalian tongues. Nitrate from the diet is rapidly and completely absorbed 
from the upper gastro-intestinal tract. This, along with nitrate derived from the 
oxidation of NO synthesized by the l-arginine NOS pathway, is actively taken up 
the salivary glands. The resulting salivary nitrate concentration may be ten times 
greater than the plasma nitrate concentration. In crypts on the dorsum of the tongue, 
facultative anaerobes e.g., Vionella species, utilize nitrate as an alternative electron 
acceptor [25]. The nitrite released elevates salivary nitrite to levels 1,000 times that 
of plasma in the resting state. In the presence of acid-generating plaque bacteria, 
some nitrite is chemically reduced to nitric oxide [26]. The remaining salivary 
nitrite is then swallowed. In the acidic environment of the stomach, some of this 
nitrite is further reduced to nitric oxide [27] which has an important role in both 
protection against enteric pathogens and regulation of gastric blood flow and 
mucous production [28, 29]. Some of the nitrite is absorbed from the stomach with 
important consequences for mammalian vascular physiology. This pathway is illus-
trated	in	Fig.	2.2.

In 1996, it was discovered that nitric oxide is continually released from the sur-
face of normal human skin [30]. Although it was initially thought that nitric oxide 
synthase would be responsible, inhibition of this enzyme by infusing monomethyl 
l-arginine	into	the	brachial	artery	showed	that	this	was	not	the	case.	Further	studies	
showed that nitrate is excreted in human sweat and reduced to nitrite by skin bac-
teria. As normal skin is slightly acidic (pH around 5.5) this nitrite is reduced to 
nitric oxide. The function of this NO is thought to be to inhibit skin pathogens – 
particularly fungi [31] – and, intriguingly, when normal saliva is applied to healthy 
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skin, the high concentrations of nitrite considerably increase nitric oxide synthesis, 
perhaps to protect against infection and encourage wound healing [32].

Breast milk has recently been shown to contain variable amounts of nitrite and 
nitrate, and it has been suggested that conversion of these anions to more reactive 
nitrogen oxides may be a factor underlying the protective effect of breastfeeding 
against infant gastroenteritis [33].

Fig. 2.2 Simplified representation of the entero-salivary circulation of nitrate. Nitrate (represented 
by the black arrows) derived from the diet is swallowed. It is rapidly and completely absorbed in 
the upper gastro-intestinal tract. Approximately 25% is concentrated in the salivary glands and 
secreted into the mouth. Here it is reduced to nitrite (represented by the grey arrows) by facultative 
anaerobes on the dorsum of the tongue and swallowed. Some of the nitrite undergoes acidic reduc-
tion to nitric oxide in the stomach, with the remainder being absorbed. The fate of nitrite is dis-
cussed in depth later. Sixty percent of ingested nitrate is lost in the urine within 48 h
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Urinary Nitrate Excretion

Approximately 60% of the nitrate ingested or endogenously synthesized will be 
lost in the urine within 48 h [34]. The discovery of complete denitrification path-
ways in human dental plaque flora [14] may offer a clue as to the fate of at least 
part of the remainder. Nitrate is freely filtered at the glomerulus. Studies in dogs 
suggest that as much as 90% may be reabsorbed by the renal tubules [35]. Nitrite 
is not found in human urine under normal physiological conditions. Its presence 
indicates infection with nitrate-reducing organisms. Detection of urinary nitrite is 
in widespread use as a simple bedside test for diagnosing urinary tract infection.

Conclusion

When considering the biological nitrogen cycle as part of the global nitrogen cycle, 
mammalian nitrogen cycling is often considered separately from the processes 
occurring in plants and micro-organisms. Scientific interest in both these spheres 
has undergone a resurgence over the last 20–30 years. The complexity of the pro-
cesses and relationships between animals, plants, and micro-organisms is still being 
unraveled.
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Key points

Accumulating evidence suggests that the molecules nitrite and nitrate can be •	
metabolized in vivo to form NO and other bioactive nitrogen oxides.
Commensal bacteria play a central role in the bioactivation of nitrate in an entero-•	
salivary bioactivation pathway.
A number of nitrite reductase enzymes reduce nitrite to bioactive NO along a •	
physiological oxygen and pH gradient.
Nitrite mediates a number of physiological effects including vasodilation, modulation •	
of mitochondrial function, and protection from ischemia–reperfusion injury.
Modest dietary intake of nitrate reduces blood pressure, inhibits platelet func-•	
tion, prevents endothelial dysfunction after ischemia–reperfusion, and decreases 
oxygen cost during exercise.
Vegetables protect against cardiovascular disease and diabetes type 2; an effect •	
that may be related to the high nitrate content in this food group.

Keywords Vegetables	•	Endothelial	function	•	Cytoprotection	•	Saliva	•	Oral	bacteria

Introduction

Inorganic nitrate (NO
3
−) and nitrite (NO

2
−) from dietary sources have been implicated 

in the development of gastric cancer and other disorders [1, 2]. This has led to very 
strict regulations of nitrate and nitrite levels in our food and drinking water. In the 
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early 1980s it was shown that, in addition to dietary exposure, nitrate and nitrite are 
also generated endogenously [3]. Shortly thereafter, the entire l-arginine-nitric 
oxide synthase (NOS)-system was discovered and was found to be the major 
endogenous source of nitrate and nitrite, since nitric oxide (NO) is rapidly oxidized 
to these higher nitrogen oxides [4–6]. Until recently, biologists considered nitrate 
and nitrite merely as inactive end products of NO metabolism, but this view is 
rapidly changing. It is now clear that nitrite and nitrate can recycle in vivo and 
again form bioactive nitrogen oxides, including NO [7–12]. Interestingly, commen-
sal bacteria in the oral cavity play a key role in the bioactivation of nitrate [9]. 
A picture is emerging suggesting physiological, nutritional, as well as therapeutic 
roles for the nitrate–nitrite–NO pathway, especially under hypoxic conditions when 
NO formation from nitrite is greatly enhanced [7]. Thus, instead of simply wasting 
the products of NO oxidation, mammals store and actively recycle it. Nitrite reduc-
tion to NO was first described in the stomach, where salivary nitrite forms NO 
nonenzymatically via acid-catalyzed reduction [13, 14]. Soon after this observa-
tion, Zweier described NOS-independent nitrite reduction in the ischemic and 
acidic heart [15]. In the last 10 years it has become evident that blood and tissue 
nitrite is reduced under physiological conditions to form NO and modulate blood 
flow [16, 17]. Subsequent studies show that a variety of enzymes and proteins can 
catalyze the one-electron reduction of nitrite to NO in blood and tissues. In this 
chapter, we discuss the chemical biology of the nitrate–nitrite–NO pathway with 
special emphasis on mechanisms of bioactivation, biological effects, and therapeu-
tic opportunities. Table 3.1 provides an overview of the many redox reactions that 
drive the bioactivation and interconversion of nitrate, nitrite, and NO.

NO Synthase and Our Diet are the Two Major Sources  
of Endogenous Nitrate and Nitrite

The l-arginine–NOS pathway is the predominant source of endogenous nitrate and 
nitrite. NO, a reactive free radical with a biological half-life in the millisecond 
range, is rapidly oxidized in vivo to form higher nitrogen oxides including nitrite 
and nitrate. Nitrate is by far the dominant final NO oxidation product; the levels in 
blood and tissues exceed those of nitrite by at least two orders of magnitude (mM 
vs. nM) [6]. In blood, this nitrate forms directly from the NO dioxygenation reac-
tion between NO and oxyhemoglobin: NO reacts with oxyhemoglobin to form 
nitrate	and	methemoglobin	(Eq.	(3.1)) [18–20].

 2 3
2 3NO  Fe O  NO  Fe+ - ++ - ® +  (3.1)

Nitrite can also form directly in blood and tissues via NO autooxidation, which 
involves the reaction of two molecules of NO with oxygen, a reaction that is cata-
lyzed by the plasma protein ceruloplasmin [21].
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Table 3.1 Overview of many redox reactions that drive the bioactivation and interconversion of 
nitrate, nitrite, and NO

Nitrite formation
Auto-oxidation of NO

· - ++ + ® +2 2 24 NO O 2H O  4NO 4H

Ceruloplasmin
+ +· ++ ® +2 1NO  Cu  NO  Cu

2 2NO H O  HNO H+ ++ ® +

2 2HNO H  NO+ -« +

Bacterial nitrate reductase

3 2 2NO 2e H  NO H 0- - + -+ + ® +

Nitrite reduction
Deoxyhemoglobin/myoglobin

+ +·- + -+ + ® + +2 3
2NO  Fe H NO  Fe  OH

Xanthine oxidoreductase
+ +·- + -+ + ® + +2 3

2NO  Mo H  NO  Mo  OH

Protons

2 2NO  H  HNO- + + ®

2 2 3 22 HNO 2N O H O® +
· ·® +2 3 2N 0 NO  NO

Ascorbate

2 2NO H  HNO- ++ ®

2 22 HNO  Asc 2  dehydroAsc 2H O+ ® + +

Polyphenols (Ph-OH)

2 2NO H  HNO- ++ ®
· ·- + ® - + +2 2Ph OH  HNO  Ph O NO H O

Nitrite oxidation
Hemoglobin

4
2 2 2

3 2 2

4HbO  4NO autcatalytic intermediates HbFe O and NO  4metHb 

 4NO O 2H O

- +

-

·+ + ® = ®

+ + +

In addition to the NOS system, our everyday diet represents an equally important 
source of nitrate and nitrite. Vegetables are the dominant source of nitrate in the 
diet (>80%) and leafy green vegetables contain particularly high levels [7]. 
The contribution of nitrate from endogenous versus exogenous sources varies 
greatly depending on diet, physical activity, disease, and medication. Inflammatory 
conditions with massive activation of inducible NOS (iNOS) [22] or physical 
exercise with activation of endothelial NOS (eNOS) [23] will increase endoge-
nous levels of nitrate. Conversely, dietary intake of nitrate can increase systemic 
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nitrate levels dramatically. As an example, one serving of beetroot, lettuce, or 
spinach contains more nitrate than what is generated by the entire NOS system 
over a day [24].

Enterosalivary Recirculation of Nitrate  
and Reduction to Nitrite

Nitrate circulates in plasma, distributes evenly throughout the tissues, and has a 
half-life of approximately 5 h. For largely unknown reasons, circulating nitrate is 
actively taken up from blood by the salivary glands and concentrated 10–20-fold 
in saliva [25]. This concentration of nitrate can result in salivary nitrate levels of 
several millimolar [26]. Up to 25% of all circulating nitrate enters this peculiar 
enterosalivary cycle, while a large portion is eventually excreted via the kidney. 
In the oral cavity, nitrate reductase enzymes in commensal facultative anaerobic 
bacteria reduce approximately 20% of the nitrate to nitrite [25, 27]. These bacteria 
use nitrate as an alternative terminal electron acceptor to generate ATP in the 
absence of oxygen. As a result of bacterial enzymatic activity, the levels of nitrite 
in saliva also become very high. Salivary-derived nitrite is metabolized to NO and 
other reactive nitrogen oxides locally in the acidic stomach; a number of physi-
ological roles for gastric NO have been proposed which are discussed below 
[28–32]. Of particular relevance is the fact that much nitrite also survives gastric 
passage and enters the systemic circulation [33]. This is of great interest since 
there are now numerous mechanisms described in blood and tissues for nitrite 
reduction to NO and other bioactive nitrogen oxides [10, 24, 34, 35]. Thus, a 
complete reverse nitrate–nitrite–NO pathway exists in mammals. This fact, when 
revealed, was highly surprising since nitrate had been universally considered to 
be inert from the time when NO formation in mammals was first discovered in 
the 1980s (Fig. 3.1).

Stomach NO Generation

The levels of NO generated from acidified nitrite in the stomach are in the range 
of 10–100 ppm, i.e., several orders of magnitude higher than those required for 
vasodilation [13, 14, 27]. In such high concentrations, NO and its reaction prod-
ucts are toxic to a variety of microorganisms which suggested a role for gastric 
NO in host defense. Benjamin and colleagues have tested this hypothesis [13]. 
They exposed enteropathogens to different combinations of acid and nitrite. 
Escherichia coli and Candida albicans species were remarkably resistant when 
exposed to acid alone but were killed if nitrite was added. Subsequent studies 
have showed that acidified nitrite inhibits the growth of a variety of enteropathogens, 
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including Salmonella, Shigella, and Helicobacter pylori [36, 37]. More recently, 
Björne et al. tested the antibacterial effects of authentic human gastric juice and 
saliva, and, again, this combination was effective when salivary nitrite was high 
[32]. Beside NO, a variety of other reactive nitrogen intermediates (RNIs) are 
generated from nitrite under acidic conditions, and it is likely that several of these 
contribute to the antibacterial effects (see below). Altogether, there are good 
indications for a role of salivary nitrite in primary host defense against swallowed 
pathogens.

When nitrite is acidified it yields nitrous acid (HNO
2
,	Eq.	3.2),	which	spontane-

ously	decomposes	to	NO	and	other	nitrogen	oxides	(Eq.	3.3	and	3.4):

 ( )2 2NO H  HNO pKa 3.2 3.4- ++ « -  (3.2)

The entero-salivary 
circulation of nitrate in humans

B

C

D

E

F

G
Nitrate and remaining 
nitrite is absorbed in 
the intestine

Nitrate is excreted 
by the kidneys

An active uptake of nitrate 
from the blood occurs in 
the salivary glands

Nitrate and 
nitrite in 
blood
originate
from the 
food and 
from
systemic
NO
productionIn the gastric 

acidic milieu, 
a non 
enzymatic
reduction of 
nitrite to NO 
occurs

Bacteria in 
the oral 
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reduce
nitrate to 
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A Nitrate and 
nitrite from 
food

Fig. 3.1 The enterosalivary nitrate–nitrite–NO pathway. Inorganic nitrate from dietary and 
endogenous sources is partly recycled in our bodies via conversion to nitrite, NO, and other bioac-
tive nitrogen oxides in blood and tissues. This bioactivation of nitrate involves active transporta-
tion of nitrate from blood to saliva and reduction to nitrite by commensal bacteria in the oral 
cavity. Further reduction of nitrite to NO and other nitrogen oxides occurs locally in the acidic 
gastric lumen as well as systemically after absorption. Modified from ref. [7] and reproduced with 
permission
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 2 2 3 22HNO N O H O® +  (3.3)

 2 3 2N O NO  NO® +  (3.4)

The chemistry of acidified nitrite is very complex and the amount of NO 
generated from nitrite is dependent not only on pH and nitrite concentrations 
but also on the presence of other reducing agents (e.g., vitamin C, thiocyanate, 
polyphenols), proximity to heme groups, proteins, thiols, and the oxygen 
tension [8].

With very high levels of NO generated luminally, it is not unreasonable to 
assume that enough NO would reach the gastric mucosa to affect physiological 
processes. Björne and colleagues used the rat gastric mucosa as a bioassay to 
test effects of human saliva on gastric mucosal blood flow and mucus genera-
tion in vivo [28]. When saliva collected from fasting individuals (low in nitrite) 
was placed onto the mucosa, no changes in blood flow and mucus generation 
were noted. In contrast, with nitrite-rich saliva, collected after oral ingestion of 
nitrate, blood flow and mucus increased greatly. In addition, feeding rats with 
nitrate in the drinking water for 1 week leads to a sustained increase in gastric 
mucosal blood flow and a thicker mucus layer [30]. These effects of nitrite are 
cGMP dependent and associated with NO gas formation. They are also inde-
pendent of NO synthase and cyclooxygenase activity as evident from experi-
ments using Nw-nitro-l-arginine	 methyl	 ester	 (L-NAME)	 and	 indomethacin	
[28]. Because adequate blood flow and mucus generation are essential for 
maintaining gastric integrity, it is of interest to study the effects of nitrate and 
nitrite in models of gastric injury. Indeed, several studies have found a potent 
protective effect of dietary nitrate in animal models of gastric ulcers [29, 31, 38, 
39]. Jansson and colleagues found that a 7-day pretreatment with nitrate in the 
drinking water protected rats against ulcers induced by a nonsteroidal anti-
inflammatory drug (NSAID) [29]. Miyoshi et al. found gastroprotective effects 
of dietary nitrate in a stress-induced model of gastric ulcers [31]. Interestingly, 
if they eliminated the oral microflora, this gastroprotection was lost. Sobko and 
colleagues showed that in contrast to normal conventions rats, gastric NO levels 
are extremely low in germ-free rats and do not increase after ingestion of nitrate 
[40]. Together, this demonstrates the central role of bacteria in bioactivation of 
salivary nitrate to nitrite.

In critically ill patients, endotracheal intubation and sedation interrupt the ente-
rosalivary nitrate cycle, which results in depleted gastric NO, nitrite, and 
S-nitrosothiol levels [41]. It has been hypothesized that the insufficient levels of 
gastric NO contribute to the gastric lesions and bacterial overgrowth commonly 
found in these patients [41].

In aggregate, when nitrite-rich saliva meets gastric acid, a variety of biologically 
active nitrogen oxides are rapidly formed. The enterosalivary circulation of nitrate 
and its reduction to nitrite in the mouth by commensal bacteria seem to be a beautiful 
example of symbiosis. The bacteria receive from the host nitrate, a compound 
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necessary for their respiration, and in return they provide us with nitrite, a substrate 
needed for the generation of gastroprotective NO.

Reactions Between Nitrite and Other Dietary Compounds

The stomach may be regarded as a bioreactor where different dietary compounds 
react with each other to form novel compounds, some of which are bioactive [42]. 
As described previously, many vegetables are very rich in inorganic nitrate, which, 
after ingestion, rapidly accumulates in saliva where it is reduced by commensal 
bacteria to form nitrite. Nitrous acid (HNO

2
) is formed from salivary nitrite in the 

acidic stomach. As described previously, HNO
2
 spontaneously yields NO via dis-

proportionation, and this reduction is greatly enhanced in the presence of dietary 
polyphenols [42, 43] and ascorbic acid [44]. An example is red wine in which the 
anthocyanin fraction and wine catechol (caffeic acid) greatly enhance NO genera-
tion from nitrite [42]. Interestingly, the ethanol in wine also reacts with nitrite under 
gastric conditions, thereby forming ethyl nitrite, another bioactive compound [45]. 
Ethyl	nitrite	is	a	potent	vasodilator	and	forms	rapidly	via	O-nitrosation	when	HNO

2
 

reacts	with	ethanol.	Ethyl	nitrite	is	also	a	potent	nitrosating	compound	that	can	give	
rise to S-nitrosothiols and N-nitrosamines.

S-nitrosation reactions give rise to S-nitrosothiols [46], and clearly these highly 
bioactive compounds are formed intragastrically from acidified nitrite [28]. 
Many of the NO-like effects of nitrite described in the stomach, such as stimulation 
of mucosal blood flow and mucus generation, might proceed via intermediate 
formation of S-nitrosothiols which can act as stable carriers of NO. In addition, 
S-nitrosation of critical cysteine residues in protein is also important in regulation 
of protein function [46]. Unsaturated fatty acids (e.g., linoleic and oleic acid) from 
olive oil or other oils may undergo nitration following reaction with RNIs 
(in particular the NO

2
 radical) giving rise to nitrated lipids [47]. Although the existence 

of this latter reaction is yet to be proven in vivo, the acidic nitrite-containing 
stomach is indeed an ideal milieu for nitration. Interestingly, nitrated lipids have 
anti-inflammatory effects and act as potent agonists of PPAR-gamma, a key regulator 
of the inflammatory cascade [48, 49].

In aggregate, NO, S-nitrosothiols, ethyl nitrite, and possibly nitrated lipids are 
readily formed from dietary constituents when they react with nitrite under acidic 
conditions in the stomach. These can all act as transducers of NO-like bioactivity 
including vasodilation, stimulation of mucus generation, and antimicrobial and 
anti-inflammatory effects. Many of the compounds formed in the gastric lumen 
from acidified nitrite are fairly stable and readily absorbed which likely allows also 
for systemic effects. It is interesting that most nutrients highlighted in the figure 
may divert the chemistry in the stomach away from nitrosamine formation and 
instead favor the formation of other chemically related bioactive compounds. 
Future studies will clarify if the well-known heath promoting effects of a 
Mediterranean diet is related to this alternative chemical fate of dietary nitrate.
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Nitrite in Blood Flow Control and Hypoxic Signaling

Large doses of nitrite given as a treatment for cyanide poisoning have been known 
for almost 100 years to produce hypotension in humans [50]. Consistent with this 
observation, high micromolar concentrations of nitrite were shown to vasodilate 
isolated aortic rings in vitro by Furchgott in 1953 [51], and to activate guanylyl 
cyclase and vasodilate aortic rings, by Murad and Ignarro [51–54]. However, the 
very low potency in these systems, requiring high micromolar to millimolar con-
centrations of nitrite, to mediate these effects contrasted with the low nanomolar 
concentrations of authentic NO needed to vasodilate aortic rings. The low potency 
coupled with the very low levels of nitrite present in human blood led to the prema-
ture dismissal of nitrite as a regulator of blood flow in vivo. Indeed, studies pub-
lished by Lauer and colleagues demonstrated that nitrite had no vasodilatory 
activity when infused into the forearm circulation of three normal volunteers, even 
at concentrations of 200 mM, a result that was not challenged by the NO field at that 
time [55]. These studies appeared to preclude a role for nitrite in the regulation of 
physiological blood flow [56, 57].

Prior to the publication of these negative studies, our group had measured arte-
rial and venous levels of nitrite across the human forearm, and observed that arterial 
levels were higher than venous levels, suggesting metabolism of nitrite across a 
vascular bed [16]. In addition, Modin et al. had showed that nitrite dilated aortic 
ring preparations at physiological concentrations if pH in the medium was reduced 
to levels seen in metabolically active or ischemic tissues [58]. The concept that 
nitrite could be utilized biologically rather than serving as an inert end-oxidation 
product of NO was considered. Normal volunteer studies of NO inhalation showed 
that the levels of plasma nitrite increased in association with vasodilation at a site 
distant from the pulmonary circulation [59, 60]. Because the half-life of authentic 
NO in blood is less than 2 ms due to its rapid reaction with oxyhemoglobin 
(Eq.	3.1), another species must be forming that accounted for the transport of NO 
bioactivity in an endocrine fashion from the pulmonary vasculature to the periph-
eral organs. To test directly whether nitrite could vasodilate in vivo at physiological 
concentrations, nitrite was infused into the forearm brachial artery of 28 healthy 
volunteers and resulted in substantial vasodilation, even without exercise stress. 
Nitrite was potent in humans, increasing blood flow by 170% at 200 mM in the 
forearm circulation, by 22% at 2.5 mM, and produced vasodilation during exercise 
stress even at levels of 900 nM [17]. The potent in vivo vasodilating effect of nitrite 
has now been confirmed by a number of investigators [61–67].

From a physiological standpoint, it is increasingly clear that basal levels of nitrite 
contribute to blood flow regulation and the cellular resilience to ischemic stress. In 
studies of nitrite infusion into the human forearm circulation, concentrations of nitrite 
of only 200 nM significantly increase blood flow [66]. Studies of dietary nitrate 
manipulation in humans show that increasing nitrate dietary levels by consumption 
of beet root juice, or by ingestion of authentic nitrate, increases the plasma nitrite 
levels and lowers blood pressure [68–70]. Indeed, from these studies it appears that 
even very low levels of nitrite, modulated by the diet, regulate blood pressure.
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Mechanisms of Nitrite Bioactivation:  
Reduction Reactions to NO

Hypoxic vasodilatation is a conserved physiological response to hypoxia that 
matches blood flow and oxygen delivery to tissue metabolic demand; this process 
has been characterized for more than 100 years since the initial description by Roy 
and Brown in 1879 [71, 72]. In mammalian species, the set point for hypoxic vaso-
dilatation occurs as the hemoglobin desaturates from 60 to 40%, around the 
intrinsic P

50
 of hemoglobin (40–20 mmHg) [73]. During nitrite infusions, iron-

nitrosyl-hemoglobin (HbFe+2-NO) forms from artery to vein, suggesting that nitrite 
is being reduced to NO rapidly within one half-circulatory time [17]. The amount 
of NO formed from artery to vein during infusion studies is inversely correlated 
with decrease in oxyhemoglobin saturation, so that as hemoglobin deoxygenates 
more NO is formed. Thus, the mechanism of nitrite-dependent vasodilation appears 
to be tightly coupled to hemoglobin deoxygenation, indicating a potential role of 
nitrite as a hypoxic vasodilator, even during physiological deoxygenation from 
artery to vein [17, 74]. While the suggestion that nitrite is a hypoxic vasodilator 
has been challenged by other groups [56], this was recently directly tested by 
Maher and colleagues in normal human volunteers [75]. They reported that under 
normal physiological conditions, nitrite potently vasodilated the venous circulation. 
Exposure	to	12%	oxygen,	which	reduced	arterial	hemoglobin	oxygen	saturation	to	
approximately 85%, the potency of nitrite increased significantly in the arterial 
circulation but was unchanged in the venous circulation. These experiments pro-
vide direct evidence for nitrite-mediated hypoxic vasodilation in humans [75].

The physiological observations that nitrite infusions are tightly coupled to 
NO-hemoglobin formation are consistent with the classic reaction between nitrite 
and	deoxyhemoglobin	to	form	NO	as	described	in	Eq.	(3.5) [17, 76–78].

 2 3
2NO  HbFe H NO  HbFe  OH- + + + -+ + ® + +  (3.5)

This reaction possesses the sensor and effector properties necessary for hypoxic 
vasodilatation. The reaction requires deoxyhemoglobin and a proton, providing 
oxygen and pH sensor chemistry, respectively, and generates NO, a potent vasodila-
tor. Nitrite appears to meet a number of basic criteria for a mediator of hypoxic 
vasodilatation, as it is naturally occurring, is metabolized or generated in response 
to tissue hypoxia, and potently vasodilates in response to hypoxia at an oxygen 
partial pressure of approximately 20–40 mmHg. Nitrite-mediated vasodilatation 
occurs as hemoglobin unloads oxygen to 50% saturation (P

50
), and that this vasodi-

latation is consistent with the biophysical observation of a nitrite reductase activity 
of hemoglobin allosterically linked to its P

50
 [79–81]. This maximal rate of nitrite 

reduction at around 50% hemoglobin oxygen saturation occurs because the reactiv-
ity of nitrite is highest for the R-state or oxygenated hemoglobin while the reaction 
will only occur with the deoxygenated hemes, which are more plentiful in the 
deoxygenated T-state. The balance of more available hemes to react in an oxygen-
ated R-state hemoglobin tetramer occurs around the P

50
.
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Fig. 3.2 Biochemistry of nitrite-hemoglobin hypoxic vasodilation along the arterioles. There 
exists a steady state anatomical location within the circulation from artery to vein that has the 
greatest concentration of R

3
 tetramers which possess the maximal nitrite reductase activity. At this 

location there would always exist an equilibrium rate constant for nitrite reduction and an equilib-
rium concentration of nitrite and deoxyhemes (maximized in R

3
 tetramer). As soon as one red cell 

moves downstream a new one would replace it, thus preserving the concentration of nitrite and 
R

3
 hemoglobin at that anatomical position. Thus, there will be an increased nitrite reductase 

rate and increased NO concentration surrounding the blood vessel. The NO concentration 
should increase in a bell curve distribution from artery to vein according to the predicted rate for 
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A kinetic model for nitrite regulation of hypoxic vasodilatation and blood flow 
is illustrated in Fig. 3.2 by the rise in R

3
 tetramer during early deoxygenation and 

the peak rate of nitrite reduction at the P
50

. This biochemistry allows for rapid nitrite 
conversion to NO as red blood cells deoxygenate along the arteriolar vascular tree. 
Indeed, in experimental systems, the faster one deoxygenates the red cell in the 
presence of nitrite, the faster vasodilatation is observed [79]. Note that in the arte-
rial vasculature, measurements of tissue oxygen tension and hemoglobin oxygen 
saturation using modern methodologies suggest that much of the oxygen delivery 
occurs within the resistance arterioles, particularly in the case of skeletal muscle 
[82]. Thus, in these microvascular beds, the anatomical site of hypoxic sensing may 
occur in the arterioles and muscularized capillaries. As hemoglobin deoxygenates 
in these beds, there will be an increased nitrite reductase rate and increased NO 
concentration surrounding the blood vessel (Fig. 3.2). The anatomical position of 
this equilibrium NO concentration will be responsive to tissue metabolism and 
oxygen consumption by moving the R-to-T transition up or downstream.

It is important to note that based on the remarkable potency of NO, very little 
nitrite	must	be	reduced	and	escape	the	red	blood	cell.	Consider	that	the	EC

50
 (the 

concentration	 that	 dilates	 a	 vessel	 50%)	 of	 NO	 is	 5	 nM	 and	 EC
20

 is less than 
0.5 nM, while the concentration of nitrite in a red cell is 250 nM. Therefore, a 20% 
vasodilation requires only 1/1,000 molecules of NO (or other intermediate such as 
N

2
O

3
) to escape. It is also important to recognize in this context that blood flow is 

proportional to the change in vessel radius to the fourth power. A minimal increase 
in radius has marked effects on flow so that blood flow regulation occurs below the 
EC

20
 of NO. The mechanisms surrounding the reactions of nitrite and deoxyhemo-

globin and other heme globins discussed previously are more extensively discussed 
in a recent review by Kim-Shapiro and Gladwin [83].

In addition to hemoglobin, a number of other enzymes can reduce nitrite to NO 
under hypoxic conditions, particularly in tissues. This includes deoxygenated myo-
globin [84, 85], xanthine oxidoreductase (XOR) [65, 86–88], respiratory chain 
enzymes of mitochondria [89], aldehyde oxidase [90], carbonic anhydrase [91], and 
even NO synthase [92]. In addition, reducing agents such as vitamin C44 and poly-
phenols [42, 45] catalyze nonenzymatic reduction of nitrite. Figure 3.3 shows the 
bioconversion of nitrate and nitrite to NO.

Fig. 3.2 (continued) nitrite reduction. The anatomical position of this equilibrium NO concentration 
will be responsive to tissue metabolism and oxygen consumption by moving the R-to-T transition up 
or downstream. Note that the rate of a second-order reaction is determined by the product of the 
concentration of two reactants and the bimolecular rate constant. In this case, the nitrite concentra-
tion changes only a little as hemoglobin deoxygenates, the deoxyhemoglobin concentration 
increases dramatically, and the bimolecular rate constant decreases dramatically as hemoglobin 
goes from the R-to-T conformation. So the product of bimolecular rate constant and deoxyheme 
concentration peaks from 60 to 40% hemoglobin oxygen saturation when the most R

3
 tetramers 

are present. Figures modified and reproduced with permision [78, 83]
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Fig. 3.3 Mechanisms for bioconversion of nitrate and nitrite to NO. Nitric oxide (NO) synthe-
sized by NO synthase (NOS) is a pluripotent biological messenger that controls numerous 
physiological functions throughout the body. In biological tissues, NO is rapidly inactivated by 
oxidation to nitrite (NO

2
−) and nitrate (NO

3
−). Nitrate may undergo reduction back to nitrite 

mainly by commensal bacteria in the oral cavity and to a lesser extent also by mammalian 
enzymes in tissues. In blood and tissues, numerous pathways exist to further metabolize nitrite 
to NO and other biologically active nitrogen oxides. NO formation from nitrite is greatly acceler-
ated under hypoxic and acidic conditions. Nitrite reduction represents an alternative to the clas-
sical NOS pathway for the generation of NO in blood and tissues. Our diet (mainly green leafy 
vegetables) is a major contributor to the body pool of nitrate and ingestion of nitrate may fuel the 
nitrate–nitrite–NO pathway. Dietary nitrate supplementation is associated with robust NO-like 
effects including a reduction in blood pressure and inhibition of oxygen consumption in humans 
as well as protection against cardiovascular disease in animal models. Approximate concentra-
tion ranges of nitrate, nitrite, and NO in blood and tissues are presented. Figure reproduced with 
permission [148]
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Nitrate–Nitrite and Ischemia–Reperfusion Injury

Treatment of myocardial ischemia due to coronary artery occlusion is aimed at 
reestablishing perfusion with minimal cardiac injury. However, reperfusion per se 
may contribute to myocardial damage beyond that induced by ischemia, in a pro-
cess referred to as ischemia–reperfusion (IR) injury. Several factors are suggested 
to contribute to the development of myocardial IR injury, including endothelial and 
microvascular dysfunction, pro-inflammatory activation, and oxidative stress [93]. 
Decreased NO bioavailability is a central event in IR injury, and importantly con-
tributes to the vascular dysfunction.

In 2004, Webb and coworkers reported protective effects of nitrite in isolated 
perfused heart preparations subjected to IR injury [65]. Under ischemic conditions 
both rat and human myocardium generated NO from nitrite. Although NO was 
produced in a dose-dependent manner (10–100 mM), the degree of protection did 
not differ, suggesting that the beneficial effect of nitrite treatment was achieved at 
low concentrations. Furthermore, the authors showed that the conversion to NO 
was dependent on XOR, since co-administration of XOR inhibitors, allopurinol or 
BOF-4272, attenuated nitrite dependent NO formation. XOR is generally thought 
to contribute to IR injuries via production of reactive oxygen species (ROS), 
including superoxide (O

2
−). However, the findings by Webb et al. suggest that dur-

ing hypoxic conditions, nitrite supplementation may partly shift the activity of 
XOR from generation of damaging O

2
− to protective NO.

Duranski and colleagues then demonstrated potent cytoprotective effects of 
low dose nitrite in vivo in murine models of myocardial infarction and liver isch-
emia [94]. The effects were independent of NOS and abolished by co-administration 
of the NO scavenger carboxy-PTIO, suggesting nitrite-derived NO as an active 
mediator. Furthermore, the efficiency profile of nitrite therapy on liver and heart 
function was U-shaped, with maximal protection achieved at a dose of 48 nmol 
nitrite. This supports the idea that small elevations of NO (nano- to micro-molar 
range) mediate cytoprotection, whereas high, super-physiological levels (high 
micro- to millimolar range) may promote cellular apoptosis and necrosis [94, 95]. 
Interestingly, the l-arginine–NOS pathway for NO production is oxygen depen-
dent, whereas the nitrate–nitrite–NO pathway is progressively activated with 
lower oxygen tensions [7]. Therefore, the nitrate–nitrite–NO pathway can be 
viewed as a back-up system to ensure sufficient NO levels during ischemic 
conditions.

A number of subsequent studies in different animal species have confirmed 
protective effects of low dose nitrite in various settings of IR injury, including 
models of stroke [96], kidney ischemia [97], lung injury [98, 99], acute myocardial 
infarction [100], cardiac arrest [101], and chronic limb ischemia [102]. The study 
by Gonzalez et al. revealed that nitrite dosing during the last 5 min of a 120 min 
occlusion period reduced myocardial infarction size from 70 to 36% in a canine 
model [100]. Together, these findings clearly suggest a potential role for nitrite as 
a useful adjunctive therapy in preventing IR injuries in several organs and tissues.
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In 2004, it was demonstrated that ingestion of dietary nitrate resulted in a 
sustained increase in circulating nitrite levels [33]. This increase could be effec-
tively blocked if the subject avoided swallowing saliva after nitrate ingestion, and 
rinsing the oral cavity with an antiseptic mouthwash had the same blocking effect 
[26]. Thus, the acute increase in plasma nitrite after nitrate ingestion is dependent 
on enterosalivary recirculation of the nitrate and reduction to nitrite by oral com-
mensal bacteria. In addition, Jansson and colleagues more recently reported on the 
presence of a mammalian nitrate reductase activity in rodent and human tissues 
[103]. It is intriguing to compare the systemic nitrite load provided by a nitrate-rich 
meal with the amount of nitrite needed to protect tissues in the setting of IR. In 
those studies, the maximal protective effects of exogenous nitrite are seen already 
at a very modest dose [94]. In fact, a similar or even higher systemic load of nitrite 
is achieved by ingestion of no more than 100 grams of vegetables such as spinach 
or beetroot [9]. Indeed, several studies have now confirmed that orally administered 
nitrate and nitrite is protective in IR injury [24, 104, 105].

Although the exact molecular mechanism of nitrite/nitrate-mediated protection 
is not yet clear, recent studies suggest that modulation of mitochondrial function 
may play a protective role [101, 105, 106]. To this end, it has been shown that dur-
ing IR nitrite is able to posttranslationally modify complex I of the mitochondrial 
respiratory chain resulting in the inhibition of this enzyme’s activity and an attenu-
ation of ROS production and apoptotic signaling at reperfusion [105]. Other poten-
tial mechanisms include the activation of sGC and the inhibition of deleterious 
mitochondrial calcium uptake. These ideas are being explored along with the pro-
posal of nitrite as a mediator in the potent ischemic preconditioning cell survival 
pathway.

Cardioprotective and Blood Pressure Lowering  
and Effects of Nitrate and Nitrite

Hypertension remains the most common risk factor for cardiovascular morbidity 
and mortality. NO is a key regulator of cardiovascular function and emerging evi-
dence shows that oxidative stress and subsequent NO deficiency are critically 
associated with the development of hypertension and other forms of cardiovascular 
disease [107]. Therefore, treatment modalities that reduce oxidative stress and/or 
increase NO production may have important implications in preventing and treating 
cardiovascular disease.

If nitrate can be converted to nitrite and then NO in vivo, it is reasonable that the 
potent vasodilatory effects of this messenger would lower blood pressure. Larsen 
and colleagues tested this hypothesis in a double blind, crossover designed study in 
healthy volunteers [68]. The subjects received sodium nitrate (NaNO

3
) or placebo 

sodium chloride (NaCl) for 3 days in a dose of 0.1 mmol kg−1 day−1, which corre-
sponds to an intake of 100–300 g of nitrate-rich vegetables. Indeed, diastolic blood 
pressure (DBP) was reduced by 4 mmHg after nitrate supplementation compared to 
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placebo, which suggests formation of vasodilatory NO. Soon after, the same group 
repeated a similar study with a greater number of subjects and could show a similar 
effect also on systolic pressure [108]. Webb and colleagues used beetroot juice as 
natural source of nitrate to study the same phenomenon in healthy volunteers [69]. 
Subjects drank 500 mL of either the juice (0.3 mmol nitrate kg−1) or water, and 
blood pressure was measured repeatedly over a 24-h period. An impressive reduc-
tion in both systolic blood pressure (10 mmHg) and DBP (8 mmHg) was noted 
within 3 h of ingestion, an effect that correlated with peak increases in plasma 
nitrite concentration. The blood pressure lowering effect was still present after 24 h 
of a single administration. Interestingly, the blood pressure lowering effects could 
be completely blocked if the subjects avoided swallowing for a period after drink-
ing the juice, again demonstrating the central role of enterosalivary circulation in 
bioactivation of nitrate. In the same study, Webb and colleagues also demonstrated 
inhibitory effects of nitrate on ex vivo platelet aggregation as well as prevention of 
endothelial dysfunction after a mild ischemic insult in the forearm. In a randomized 
crossover study, the same group recently demonstrated robust blood pressure low-
ering effects also with a considerably lower dose of beetroot juice, and effects were 
similar to those observed with equimolar amounts of potassium nitrate salt [109]. 
This demonstrates that nitrate is indeed the active component of the juice. In the 
same study, the authors detected increases in plasma cGMP after nitrate ingestion, 
which strongly suggests increased NO formation.

In Japan, the occurrence of cardiovascular diseases is low, and Japanese longev-
ity is the highest in the world. In a recent study, Sobko and coworkers examined the 
blood pressure effects of a 10-day period with traditional Japanese diet rich in veg-
etables compared with western type diet in 25 healthy volunteers [110]. The tradi-
tional Japanese diet is naturally very rich in nitrate and this was reflected in greatly 
increased levels of nitrate and nitrite in plasma and saliva compared to the control 
diet. DBP decreased on average 4.5 mmHg with the Japanese diet (~0.3 mmol 
nitrate kg−1 bw−1 day−1) compared to the control diet. Again, these findings support 
the importance of dietary nitrate on blood pressure regulation, and give one possi-
ble explanation to the healthy aspects of traditional Japanese food.

Traditional organic nitrates such as nitroglycerine are classically subjected to 
development of tolerance after repeated administration. To test if dietary nitrate 
supplementation has sustained blood pressure lowering effects, we measured blood 
pressure telemetrically in conscious rats during a 5-day period [111]. Nitrate treated 
(2 mmol nitrate kg−1 bw−1 day−1) animals displayed a reduction in mean arterial 
pressure and DBP over the entire observation period. Similar observations have 
been reported in nonhuman primates with repeated administration of nitrite, indi-
cating no development of tolerance [112].

During the last years, clinical and experimental studies have independently dem-
onstrated that dietary nitrate supplementation reduces blood pressure in healthy 
normotensive individuals. Considering the important link between NO deficiency 
and development of hypertension and other forms of cardiovascular disease, it is 
reasonable to assume that stimulation of the nitrate–nitrite–NO pathway may boost 
NO production and thus have beneficial effects. In a recent study, Carlström and 
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colleagues tested this hypothesis by studying the effects of dietary nitrate in a rat 
model of renal and cardiovascular disease, induced by early unilateral nephrectomy 
in combination with chronic high-salt diet for 10 weeks. Control rats displayed 
several features of renal and cardiovascular dysfunction, including hypertension, 
cardiac hypertrophy and fibrosis, proteinuria and histological as well as biochemi-
cal signs of renal damage and oxidative stress. In animals receiving nitrate, blood 
pressure was dose-dependently lowered with no signs of tolerance. Strikingly, pro-
teinuria and histological signs of renal injury were almost completely prevented 
and the cardiac hypertrophy and fibrosis was attenuated. Mechanistically, dietary 
nitrate increased or restored tissue levels of bioactive nitrogen oxides and reduced 
the levels of oxidative stress markers in plasma and urine (M. Carlström, personal 
communication).
Chronic	 blockade	 of	 NOS	with	 L-NAME	 results	 in	 severe	 hypertension	 and	

progressive kidney damage, and has been used as model for renal and cardiovascu-
lar disease. Studies by Tsuchiya and Kanematsu et al. demonstrated that chronic 
nitrite supplementation (100 mg/L drinking water) attenuated hypertension [113], 
and	that	a	very	low	dose	of	oral	nitrite	(1	mg/L)	protected	against	L-NAME	induced	
kidney injuries without significant changes in blood pressure [114].

The renal microvasculature plays an important role in blood pressure regulation, 
and increased preglomerular resistance has been demonstrated in models for hyper-
tension [115, 116]. To further address the role/mechanisms of nitrate–nitrite–NO 
pathway in the kidney, experiments have been performed with nitrite in isolated 
renal afferent arterioles. Preliminary results show that nitrite (10 mM) dilates arte-
rioles and attenuates angiotensin II mediated contraction by increasing NO bio-
availability. The mechanism for increased NO generation in the renal microvasculature 
is NOS independent and, rather, involves enzymatic reactions with XOR and acti-
vation of cGMP. This finding supports a novel role of nitrite in renal microcircula-
tion and blood pressure control.

In addition to the diet, recent research suggests that the skin can be a consider-
able source of compounds with NO-like activity [117, 118]. Specifically, it has 
been proposed that NO-related species from dietary and endogenous sources are 
stored in the skin and then mobilized by sunlight and delivered to the systemic 
circulation to exert coronary vasodilator and cardioprotective as well as antihyper-
tensive effects. Opländer and colleagues demonstrated that moderate whole body 
UVA irradiation (20 J/cm2) induced formation of S-nitrosothiols in the blood of 
healthy subjects [117]. Furthermore, UVA irradiation caused a rapid decrease in 
systolic and DBP which correlated (R2 = 0.74) with enhanced plasma concentrations 
of nitrosated species.

Taken together, dietary nitrate may fuel the nitrate–nitrite–NO pathway and 
partly compensate for disturbances in endogenous NO generation from NOS. The 
mechanisms for nitrate-mediated antihypertensive effects and renal and cardiovacu-
lar protection require further investigations, but modulation of NO bioavailability 
and reduction in oxidative stress have been suggested. Figure 3.4 highlights the 
possible role of nitrate and nitrite in signaling and therapeutics.
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Nitrate–Nitrite and Mitochondria and Oxygen Consumption

Recent data suggest that many of the biological effects of nitrite [105, 108] involve 
interaction with mitochondria. In the last 2 decades, it has been established that the 
mitochondrion is a physiological target for NO [119]. NO binds reversibly to cyto-
chrome c oxidase, the terminal respiratory complex in the mitochondrial electron 
transport chain, in competition with oxygen. The binding of NO to cytochrome c 
oxidase, even at concentrations below those that inhibit respiration [120], elicits 
intracellular signaling events, including elongation of cellular oxygen gradients but 
also the generation of ROS with potential signaling or damaging effects [121]. 
These NO-elicited events act as triggers by which mitochondria modulate signal 
transduction cascades involved in the induction of cellular defense mechanisms and 
adaptive responses, particularly in response to hypoxia and other environmental 
stressors [122].

A muscle cell under high metabolic demand is characterized by a very low pO
2
 

and pH is substantially decreased; conditions which favor nitrite conversion to NO. 

Fig. 3.4 The potential role of the nitrate–nitrite–NO pathway in therapeutics. Modified from ref. [7] 
and reproduced with permission
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With this in mind a study was designed to look at effects of dietary nitrate during 
physical exercise. Healthy volunteers performed graded exercise on a cycle ergom-
eter while oxygen consumption and circulatory and metabolic parameters were 
measured. It was found that the metabolic cost of performing standardized constant 
load exercise was reduced after supplementation with 0.1 mmol kg−1 day−1 sodium 
nitrate for three days compared with placebo [108]. This highly surprising effect 
occurred without any change in lactate concentration, indicating that there was no 
compensatory increase in glycolytic energy contribution and thus metabolic effi-
ciency seemed to be improved. In subsequent studies, the results have been con-
firmed and extended using beetroot juice as the nitrate source as well as sodium 
nitrate salt [123–125]. These studies do not only show that nitrate reduces oxygen 
cost but intriguingly, the time-to-exhaustion was extended [124, 125], possibly due 
to a reduced ATP cost of muscle force production [126] or as a direct effect of the 
improved metabolic efficiency. The molecular mechanisms behind these remark-
able effects of nitrate have not been settled in detail but research points towards the 
mitochondrion as the central target. In a recent study, we examined the effects of 
dietary nitrate on isolated skeletal muscle mitochondria in healthy volunteers 
(Larsen et al. in revision). Mitochondria harvested after nitrate supplementation 
displayed an almost 20% improvement in oxidative phosphorylation efficiency 
(P/O ratio) and a 45–64% decrease in state 4 respiration and basal oxygen con-
sumption compared to placebo. Moreover, this effect correlated with the improved 
metabolic efficiency during exercise seen in the same individuals. Mechanistically, 
expression of the mitochondrial adenine nucleotide translocase (ANT), responsible 
for a major part of mitochondrial proton leak [127], was reduced by dietary nitrate. 
In aggregate, nitrate affects fundamental mitochondrial characteristics and the 
reduction in whole body oxygen consumption seen after ingestion of this anion is 
likely explained by an increased mitochondrial efficiency involving a decrease in 
proton leak.

Further evidence that the NO pathway is a fundamental characteristic in cardio-
vascular health and athletic performance comes from the finding that performance 
and VO

2
 peak correlates robustly with the increase in plasma nitrite after an exer-

cise challenge [128, 129]. Taken together, these findings may have implications, not 
only for exercise physiology, but also for disease conditions associated with dys-
functional mitochondria and reduced oxygen availability.

Nitrate–Nitrite–Nitric Oxide Pathway  
and the Metabolic Syndrome

Obesity and hypertension are increasing problems worldwide, resulting in an enor-
mous economic burden to the society [130, 131]. The metabolic syndrome is a 
combination of medical abnormalities including central obesity, dyslipidemia, 
hyperglycemia, and hypertension, and it is estimated that around 25% of the 
world’s adult population have the metabolic syndrome [130]. This clustering of 
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metabolic abnormalities that occur in the same individual appears to present a 
considerably higher cardiovascular risk compared with the sum of the risk associated 
with each abnormality.

Mice lacking the gene for eNOS do not only develop hypertension, but do also 
display key features of the metabolic syndrome including dyslipidemia, obesity, 
and insulin resistance [132–134]. The striking clustering of these particular abnor-
malities in eNOS-deficient mice has led authors to suggest that a reduced NO bio-
availability is a central event in the pathogenesis of metabolic syndrome. In support 
of this, a polymorphism in the eNOS gene is associated with metabolic syndrome 
in humans [135]. In a recent study, we investigated the long-term cardiovascular 
and metabolic effects of nitrate supplementation (0.1 mmol kg−1 day−1) in mice 
lacking eNOS [136]. Previously, Bryan et al. had reported that eNOS-deficient 
mice have lower levels of nitrite and other nitrogen oxides, which were restored by 
nitrite supplementation [137]. Remarkably, we could show that inorganic nitrate 
supplementation for 10 weeks reduced visceral fat accumulation and circulating 
levels of triglycerides, and reversed the prediabetic phenotype in these animals 
[136]. These results suggest that stimulation of the nitrate–nitrite–NO pathway can 
partly compensate for disturbances in endogenous NO generation from eNOS. 
These findings may have implications for novel nutrition-based preventive and 
therapeutic strategies against cardiovascular disease and type 2 diabetes.

Interestingly, the dose of dietary nitrate was chosen only to just replace what is 
being generated by eNOS under normal conditions [138]. The fact that this very 
modest amount had such profound biological effects supports the intriguing pos-
sibility that endogenous nitrate levels are already sufficient to affect cellular pro-
cesses. Thus, in addition to the second-by-second regulation of vascular tone by 
eNOS-derived NO, its oxidative end product nitrate may serve as a long-lived res-
ervoir for NO-like bioactivity in tissues. We also noted increased plasma and tissue 
levels of S-nitrosothiols and nitrosylation products with dietary nitrate supplemen-
tation [136]. These bioactive compounds may be mediating the observed effects, 
however, the exact mechanism for this and the signaling pathways involved remains 
to be elucidated.

Nutritional Implications

It is clear from epidemiological studies that diets rich in fruits and vegetables, such 
as the Mediterranean or Traditional Japanese diets, protect against development of 
cardiovascular disease and type 2 diabetes [139–142]. In addition, intervention 
studies, such as the classical DASH trial, have shown blood pressure lowering 
effects of such diets [143]; however, the active component(s) responsible for this 
protection is yet to be pinpointed and trials with single nutrients have generally 
failed. With the accumulating data on the effects of nitrate in the cardiovascular 
system, researchers have suggested that nitrate might be one active ingredient in 
these healthy diets [9, 144–146]. This development is quite astonishing considering 
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that this particular anion is just about the only naturally occurring compound in 
vegetables that is defined as unwanted and potentially harmful [1]. Although much 
more research is needed before we can draw any firm conclusions about this, it is 
striking that the reduction in blood pressure seen by a modest dietary dose of nitrate 
[68, 69] is similar or even greater than that seen with a vegetable and fruit-rich diet 
in the DASH study [143]. The possibility of boosting NO production by dietary 
intervention may have important implications for public health, in particular cardio-
vascular disease. Future clinical studies will elucidate if nitrate can offer a nutri-
tional approach to prevention and treatment of cardiovascular disease and if such 
positive effects will outweigh any negative health effects traditionally attributed to 
this anion. If such investigations point towards an overall protective effect of nitrate 
we may need to reconsider the current strictly regulated levels of nitrate in food and 
drinking water.

Summary and Future Perspectives

Accumulating evidence suggests that the supposedly inert inorganic nitrate anion, 
abundant in vegetables, can be metabolized in vivo to form nitrite, NO, and other 
bioactive nitrogen oxides. The central role of commensal bacteria in bioactivation 
of nitrate is intriguing and suggests a symbiotic host–microbial relationship 
involved in regulation of cardiovascular function [9]. Modest dietary intake of 
nitrate reduces blood pressure, inhibits platelet function, and prevents endothelial 
dysfunction after a mild ischemic insult in humans. Moreover, nitrate reduces oxy-
gen cost during exercise and has effects on fundamental mitochondrial functions. 
In animal studies, nitrate has prolonged blood pressure lowering effects, protects 
against drug- and salt-induced renal and cardiac injury, enhances postischemic 
blood flow, and protects against IR injury. While these effects of exogenously deliv-
ered nitrate are unequivocal, the physiological relevance of endogenously generated 
nitrate and nitrite is still to be settled. Nevertheless, experiments using extremely 
low doses of nitrate or nitrite indicate bioactivity also in the near physiological 
concentration ranges, and studies with nitrate in amounts titrated to replenish 
endogenous nitrate generation in eNOS-deficient mice further strengthen this 
notion.

Although this field of research is still in an early phase it is tempting to speculate 
that the salutary effects of nitrate and nitrite seen in animal studies and in small 
trials in healthy volunteers can be utilized also in patients in prevention and treat-
ment of cardiovascular disease. As pharmaceutical agents, inorganic nitrate (NO

3
−) 

should not be confused with organic nitrates such as nitroglycerine or isosorbide 
mononitrate which are commonly used in cardiovascular medicine [147]. These 
latter drugs are lipophilic potent vasodilators that act via rapid generation of NO in 
smooth muscle. Inorganic nitrate and nitrite also generate NO, but the pharmacoki-
netic profiles are profoundly different and their potency as vasodilators is orders of 
magnitude lower. However, a great advantage with nitrate and nitrite, if we view 
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them as potential drug candidates, is that the final step in their bioactivation (formation 
of NO and other short-lived bioactive nitrogen oxide) is pH and pO

2
 dependent and, 

thus, greatly enhanced where the NO is most needed, i.e., in an ischemic tissue. If 
nitrate and nitrite were to be used clinically in the future, for example, in treatment 
and prevention of myocardial infarction or other ischemic events, one can foresee 
that sufficient formation of active nitrogen oxides locally in the disease area can be 
achieved without causing generalized NO formation with profound vasodilatation 
and the risk of hypotension. In addition to these properties, the effects of nitrate and 
nitrite seem to be devoid of tolerance. Also, one should note that many of the effects 
of nitrate and nitrite may in fact be unrelated to classical NO-cGMP signaling. As 
an example, nitrate and nitrite reaction products can directly modulate mitochon-
drial function via various mechanisms.

Finally, the nutritional implications of nitrate and nitrite biology are among the 
most intriguing in this area of research. The amounts of these anions needed for the 
effects on the cardiovascular system, described in this review, are readily achieved 
via our everyday diet, most easily via a rich intake of vegetables. If the cardiovas-
cular benefits of a diet rich in vegetables turns out to be related to their high nitrate 
content, we may have to reconsider our current thinking and realize that inorganic 
nitrate may not necessarily be a threat to human health. Instead, in some years we 
might even consider it as an essential nutrient.
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Key points

There are five primary sources of exposure to nitrite and nitrate:•	

1. Endogenous production of nitric oxide
2. Dietary exposure to nitrite and nitrate in food
3. Drinking water
4. Swallowing saliva
5. Environmental/atmospheric exposure to nitric oxide and nitrogen dioxide

The majority of exposure to nitrite and nitrate in most people is through dietary •	
intake of vegetables.
Cured and processed meats contribute very little to the overall burden of exposure.•	
Individual levels of exposure are dependent upon where and how one lives and •	
works, what types of food one eats, and lifestyle habits.
Low to moderate exposure to these sources poses little risk with known benefits •	
while overexposure can lead to health risks.

Keywords Nitrogen	dioxide	•	Nitric	oxide	•	Nitrite	•	Nitrate	•	Air	pollution	•	
Environmental	•	Combustion

Introduction

Humans are exposed to nitrogen oxides that include the toxicologically signifi-
cant gases nitric oxide (NO) and nitrogen dioxide (NO

2
), and the non-volatile 

salts of nitrate and nitrite ions. Nitric oxide is a sharp, sweet-smelling gas at 
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room temperature, whereas nitrogen dioxide (NO
2
) has a strong, harsh odor and 

is a liquid at refrigerated and cool room temperatures, becoming a reddish-
brown gas above 70°F. Both molecules are free radicals. Before it was realized 
that NO is produced in our body, they were recognized as toxic air pollutants. 
The majority of the gaseous nitrogen oxides are metabolized to nitrite and 
nitrate in the body. Many chapters in this monograph refer to multiple sources 
of nitrite, nitrate, and nitric oxide in human physiology. In an attempt to sum-
marize the discussion relative to human exposure, they can be grouped into 
some key areas, and this chapter focuses primarily on exposure of NO, nitrite, 
and	nitrate.	In	2006,	the	International	Agency	for	Research	on	Cancer	(IARC)	
developed an extensive exposure estimate of nitrite and nitrate during the 
preparation of their monograph on the carcinogenic potential of nitrate and 
nitrite under conditions of endogenous nitrosation [1]. This monograph pro-
vides an excellent source of exposure information which has been supplemented 
with additional reports [2, 3]. Because of the chemical reactivity of nitric oxide 
and nitrogen dioxide, estimates for human exposure have largely defaulted to 
those of nitrate and nitrite.

Endogenous Production

The demonstration of NO formation by an enzyme in vascular endothelial cells 
in 1987 has since had profound implications in research and medicine. NO was 
shown to be a potent vasodilator, inhibitor of platelet aggregation, and active 
species of nitroglycerin before the discovery of endothelium-derived relaxing 
factor	(EDRF)	in	1980	[4].	Subsequent	studies	revealed	that	EDRF	is	NO	and	is	
synthesized by mammalian cells from l-arginine through a complex oxidation 
reaction catalyzed by the flavo-hemoprotein NO synthase (NOS) [5]. NOS cata-
lyzes	 the	 NADPH-	 and	 oxygen-dependent	 oxidation	 of	 l-arginine to NO plus 
l-citrulline in a reaction that requires several cofactors in the presence of oxygen, 
including	NADPH,	FAD,	FMN,	tetrahydrobiopterin,	heme,	reduced	glutathione,	
and calmodulin. Enzyme-bound calmodulin facilitates the transfer of electrons 
from	NADPH	to	 the	flavoprotein	domain	of	NOS	and	also	from	the	flavins	 to	
the heme domain of NOS [5, 7]. These electrons are used to reduce the iron 
to the ferrous state so that it can bind oxygen, which is incorporated into the 
substrate, arginine, to generate NO plus citrulline. The endogenous production of 
NO by NOS has been established as playing an important role in vascular homeo-
stasis, neurotransmission, and host defense mechanisms [4]. The major removal 
pathway for NO is the stepwise oxidation to nitrite and nitrate [6].	Although	some	
NO can be oxidized to nitrogen dioxide, it will quickly nitrosate water to form 
nitrite. In plasma, NO is oxidized almost completely to nitrite, in which form it 
will remain stable for several hours [8, 9]. In contrast, NO and nitrite are rapidly 
oxidized to nitrate in whole blood. NO can also be enzymatically oxidized to 
nitrite by cerulopasmin or other metal-containing proteins [10]. The half-life of 
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nitrite in human blood is about 110 s [11]. Nitrate, by contrast, has a circulating 
half life of 5–8 h [12, 13]. Tissue nitrite and nitrate, on the other hand, both have 
in vivo half-lives of tens of minutes [14]. During fasting conditions with a low 
previous intake of nitrite/nitrate, enzymatic NO formation accounts for the major-
ity of nitrite [15]. On the basis of these studies, it was believed that NO metabo-
lism acutely terminates by oxidation to nitrite and nitrate. Early studies on 
nitrogen balance in humans and analyses of fecal and ileostomy samples indi-
cated that nitrite and nitrate are formed de novo in the intestine. It was these 
findings by Tannenbaum et al. [16] that significantly altered our conceptions of 
human exposure to exogenous nitrite and nitrates, and represented the original 
observations that would eventually lead to the discovery of the l-arginine:NO 
pathway.	Prior	 to	 these	studies,	 it	was	 thought	 that	steady-state	 levels	of	nitrite	
and nitrate originated solely from the diet and from nitrogen-fixing enteric bac-
teria. The steady-state concentrations of nitrite in the body are tightly regulated 
and vary depending on each tissue or compartment and relative NOS activity [17, 
18]. However, there is usually more nitrite concentrated in tissues than in the 
circulatory system [17]. Being limited primarily to blood levels of NO in humans, 
nitrite and nitrate may be an underestimation of what occurs in specific tissues [19].

The endogenous production of NO plays an important role in vascular homeo-
stasis, neurotransmission, and host defense mechanisms [4]. It has been estimated 
that our body (70 kg) produces 1.68 mmol NO/day (based on 1 mmol/kg/h NO 
production) in a healthy individual. The majority of this NO produced will end up 
as nitrite and nitrate. In plasma, steady-state concentrations of nitrite are conserved 
across various mammalian species, including humans, in the range of 150–600 nM [20]. 
Apart	 from	plasma,	nitrite	can	also	be	 transported	within	red	blood	cells	 [21]. 
The net concentration in plasma is a result of its formation and consumption. It has 
been shown that up to 70–90% of plasma nitrite is derived from eNOS activity in 
fasted humans and other mammals [20]. Humans, unlike prokaryotes, are thought 
to lack the enzymatic machinery to reduce nitrate back to nitrite; however, due to 
the commensal bacteria that reside within the human body, it has been demon-
strated that these bacteria can reduce nitrate, thereby supplying an alternative 
source of nitrite [22–25].	Plasma	nitrite	increases	after	ingestion	of	large	amounts	
of nitrate. This increase is entirely due to enterosalivary circulation of nitrate 
(as much as 25% is actively taken up by the salivary glands) and reduction to nitrite 
by commensal bacteria in the mouth [26]. Therefore, dietary and enzymatic sources 
of nitrate are actually a potentially large source of nitrite in the human body. Nitrate 
is rapidly absorbed in the small intestine and readily distributed throughout the 
body [27]. This nitrate pathway to NO has been shown to help reduce gastrointes-
tinal tract infection, increase mucous barrier thickness and gastric blood flow 
[27–32]. Nitrite and nitrate are excreted through the kidneys. Nitrate is excreted in 
the urine as such or after conversion to urea [33]. Clearance of nitrate from blood 
to urine approximates 40 mmol/h in adults [34], indicating considerable renal 
tubular reabsorption of this ion. There is little detectable nitrite or nitrate in feces 
[35]. There is some loss of nitrate and nitrite in sweat, but this is not a major route 
of excretion [36].
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Diet

Diet has been suggested to be the largest source of nitrogen oxides, primarily via 
nitrite and nitrate intake. Much of the quantified exposure of nitrite and nitrate has 
been based on the focus of dietary ingestion and endogenous formation of nitro-
samines as a cause of human cancers [37–39].	What	 is	often	not	understood	 is	
that nitrogen is essential for growth and reproduction of all plant and animal life. 
An	essential	form	of	that	nitrogen	is	nitrate.	Nitrogen	is	a	basic	constituent	of	proteins.	
The form of nitrogen within plants when consumed by animals has important 
effects on growth and reproduction. Several different groups of nitrogen-containing 
compounds may be found in plants. The amount of each form depends on plant 
species, maturity, and environmental conditions during growth. These nitrogen 
compounds may be broadly classified as either protein or non-protein compounds. 
Under	normal	growing	conditions,	plants	use	nitrogen	to	form	plant	proteins.	When	
normal growth is altered, protein formation may be slowed and the nitrogen 
remains in the plant as non-protein nitrogen. Nitrate, nitrite, amides, free amino 
acids,	and	small	peptides	make	up	most	of	 the	non-protein	nitrogen	fraction.	We	
focus specifically on nitrite and nitrate occurring naturally in plants and that added 
exogenously in meat processing. First, it is worth a cursory review of how plants 
accumulate nitrate from the soil in order to understand how they become a signifi-
cant source of nitrite and nitrate.
Nitrate	is	a	natural	material	in	soils.	Adequate	supply	of	nitrate	is	necessary	for	

good	plant	growth.	Probably	more	than	90%	of	the	nitrogen	absorbed	by	plants	is	
in the nitrate form. Soils can be supplemented with nitrogen often in the form of 
ammonium nitrogen (NH

4
+), which is rapidly converted to nitrate (NO

3
−) in the soil. 

The amount of crop growth is essentially the same whether nitrogen fertilizer is 
applied as ammonia (NH

3
), ammonium, or nitrate (NO

3
−). Chemical fertilizers may 

be composed of ammonium nitrate, ammonium phosphates, ammonium sulfate, 
alkaline metal nitrate salts, urea, and other organic forms of nitrogen. Microorganisms 
must change organic nitrogen to ammonium or nitrate ionic species before assimi-
lation	 by	 plants.	 Usual	 release	 of	 available	 nitrogen	 from	 soil	 organic	matter	 is	
1–4%	annually,	depending	on	soil	texture	and	weather	conditions.	Animal	manure	
is an excellent source of nitrogen and can contribute significantly to soil improve-
ment.	Animal	manure	contains	about	10	lb	of	nitrogen/ton,	poultry	manure	about	
20	 lb/ton;	and	 legume	residues	20–80	 lb/ton.	About	half	of	 this	organic	nitrogen	
may be converted to nitrate-nitrogen and become available for plant use the year it 
is added to the soil; however, it is low in phosphorus content. Excessive manure 
applications can result in toxic levels of nitrate in forage crops just as excessive use 
of	chemical	nitrogen	fertilizer.	Adding	phosphate	fertilizer	 to	manure	can	reduce	
the nitrate content in the crop produced.

Nitrate content of plants is determined by their inherited metabolic pattern 
(genetics)	 and	 the	 available	 nitrate	 of	 the	 soil.	 Applying	 fertilizer	 in	 amounts	
beyond the ability of the vegetable crop to use them may result in an accumulation 
of nitrate, particularly if some other essential nutrient is not adequate. Leafy green 
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vegetables and some root crops naturally contain nitrates and there are wide variations 
between species. Vegetables produced on high organic soils, and even where no 
fertilizer nitrogen is applied, frequently have higher nitrate content than the same 
species grown in fertilized soil. There are also seasonal differences: it is reported 
that nitrate content in spinach was almost twice as high in autumn–winter harvest 
than in spring (2,580 mg/kg vs. 1,622 mg/kg) [40]. Disruption of normal plant 
growth increases the probability for nitrate accumulation in leaves, stems, and 
stalks. Factors favoring accumulation of nitrate in plants include drought, high 
temperatures (rapid transpiration of water), shading and cloudiness (reduced 
protein synthesis), deficiency of other plant growth nutrients (phosphorus, potassium, 
calcium), excessive soil nitrogen (manures, legume, residues, effluents and solid 
wastes, and nitrogen fertilizer), damage from insects and certain weed control 
chemicals, and immaturity at harvest [41, 42].	As	a	result	of	all	of	 these	factors,	
nitrate content of vegetables is highly variable but still represents the main dietary 
source of nitrate.
The	National	Research	Council	report	The Health Effects of Nitrate, Nitrite, 

and N-Nitroso Compounds [37] reported estimates of nitrite and nitrate intake 
based on food consumption tables and calculated that the average total nitrite and 
nitrate	 intake	 in	 the	United	States	was	 0.77	 and	 76	mg,	 respectively,	 per	 day.	
Meah et al. [43]	estimated	1985	dietary	intake	in	the	UK	at	4.2	mg/day	for	nitrite	
and 54 mg/day for nitrate with the largest contribution to both being potatoes. 
In	 1975,	White	 [44] estimated cured meats were a source of 10% of dietary 
nitrate	and	21%	of	dietary	nitrite	exposure.	The	White	calculations	were	based	
on the relatively higher levels of nitrate (208 ppm residual measured) and nitrite 
(52.5 ppm residual) that were used prior to concerns about nitrosamine forma-
tion.	Although	the	amount	of	nitrite	and	nitrate	present	in	cured	and	processed	
meats is currently much less than what is found naturally in vegetables, there are 
a number of epidemiological reports erroneously implicating the nitrite and 
nitrate in meats with increased risk of some cancers [45, 46].	Past	intense	investi-
gations into nitrosation chemistry with respect to the use of nitrite and nitrate in 
meat preservation have resulted in reduction and, in many cases, the elimination 
of nitrate as a curing salt, reduction in levels of nitrite used for curing, as well 
as the widespread use of ascorbate or erythorbate salts to better control curing 
chemistry and greatly reduce the likelihood of nitrosamine formation [47–49]. 
Thus, changes to cured meat manufacturing procedures over the past 35 years 
have made earlier estimates of the contribution of cured meats to dietary nitrate 
and	nitrite	intake	obsolete.	A	survey	of	products	by	Cassens	et	al.	in	1996,	repre-
senting about one-third of ham, bacon, bologna and frankfurters manufactured 
in	 the	United	 States,	 found	 residual	 nitrate	 at	 <10	 ppm	 and	 average	 nitrite	 at	
10 ppm [50, 51]. This represented more than an 80% reduction in nitrite in cured 
meats	versus	earlier	reports.	Keeton	et	al.	[3] repeated the survey in 2008–2009 
and found similar values. In 2009, Hord et al. [2] summarized dietary intake 
estimates	 of	 nitrite	 and	 nitrate	 for	 the	 “DASH”	 (dietary	 approaches	 to	 stop	
hypertension) diet that included two scenarios for vegetables and fruit consump-
tion.	At	 a	 recommended	 level	 of	 vegetable	 and	 fruit	 intake	 that	 encompassed	
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high nitrate sources, nitrate intake could be over 1,200 mg/day and nitrite would 
be approximately 0.35 mg/day from food sources exclusive of processed meats. 
A	diet	with	low	nitrate	containing	vegetable	and	fruit	intake	could	have	as	little	
as 174 mg/day nitrate, but still contain 0.41 mg/day nitrite. This latter estimate 
was	also	close	to	values	reported	by	the	IARC	committee	in	their	estimates	of	
human	 diet	 intake	 based	 on	 data	 from	 the	 UK	 [1, 52–54].	 Adding	 75	 g/day	
consumption	of	cured	meats	(as	done	by	White	in	1975)	to	the	Hord	estimates	
would add 1.5–6 mg/day of nitrate and 0.05–0.54 mg/day of nitrite using the 
mean residual levels of nitrate and nitrite reported in a wide range of cured meats 
collected	at	American	retail	outlets	[3]. Thus, cured meats contribute negligible 
nitrate compared to other dietary sources and amounts of nitrite equivalent to 
other dietary sources such as vegetables and fruits. Other foods such as dairy 
items, eggs, fish and grains have been reported to supply relatively minor frac-
tions of total intake of nitrite and nitrate [1, 2, 43, 55–57].

The indirect exposure to nitrite from dietary nitrate, however, must also be 
considered because of the enterosalivary recirculation of nitrate and biochemical 
reduction of salivary nitrate to nitrite by commensal bacteria in the oral cavity. 
Hord et al. [2] estimated the nitrite exposure from this source to be approximately 
5.2 mg/day, about half of which was a result of recycling of ingested nitrate, and 
the other half from oxidation and recycling of endogenously produced nitric 
oxide. Thus, oral nitrite ingestion can be summarized as 6–7% directly from 
fruits and vegetables, 0.5–6.5% directly from cured meats, approximately 50% 
indirectly from vegetables and fruits and from 40 to 50% from endogenous 
production.

Water

Even though drinking water usually contains very low levels of nitrate and 
nitrite, when large volumes are consumed, this can be a significant source for 
ingestion.	The	U.S.	Environmental	Protection	Agency	 (EPA)	 regulates	nitrate	
and nitrite contamination levels in approximately 160,000 different water supplies, 
and does periodic monitoring [58–60]. The regulatory maximum contaminant 
level (MCL) for nitrate is 10 mg/L N from nitrate which equates to 44 mg 
nitrate	ion/L.	For	nitrite,	the	MCL	is	1	mg/L	as	N	or	3.3	mg/L	nitrite	ion.	Using	
these maximum values as an estimate for intake may provide a crude estimate 
of an upper limit for the drinking water contribution to ingestion of nitrite and 
nitrate	 in	 the	United	States.	Recommended	dietary	consumption	of	water	and	
beverages is listed at 2.7 L/day for adult males and 2.2 L/day for females [61]. 
However,	 IARC	has	 used	 an	 average	water	 intake	 of	 1.4	L/day	 on	which	 to	
base their estimates [1]. Thus, as much as 60–119 mg/day nitrate ingestion 
from drinking water may occur in drinking water meeting legal standards. 
Likewise as much as 4.6–8.9 mg/day of nitrite may also be ingested from 
drinking water.
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The natural background level of nitrate and nitrite are very low in water, 
generally	<10	mg/L	 for	 the	 former	 and	 rarely	 over	 3	mg/L	 for	 the	 latter.	The	
increased use of nitrogen fertilizers in agriculture during the second half of the 
twentieth century contributed to potential contamination of water supplies by 
nitrate containing runoff of farms into watersheds that ultimately became 
sources of drinking water. Due to their very high solubility, nitrates can enter 
groundwater. Levels of nitrate can be significantly higher in shallow wells that 
are	connected	to	agricultural	runoff.	EPA	monitoring	in	2009	revealed	violations	
of federal standards affecting 4.5 million people with over 70% of these viola-
tions for population centers of less than 100,000 [62]. Much less is known about 
private	wells	which	 in	 the	United	States	are	usually	required	 to	be	 tested	only	
when the well is constructed or when the property is sold. Tentative estimates 
for	Western	Europe	 and	 the	United	 States	 are	 that	 2–3%	 of	 the	 population	 is	
potentially exposed to drinking water nitrate exceeding 50 mg/L [63]. Thus, 
higher exposures from drinking water are not an uncommon event. Excessive 
levels of nitrate and nitrate in drinking water have been associated with illness 
and death in newborns and young infants. Thus today, the regulations exist for 
nitrate and nitrite in drinking water in many parts of the world based on this 
related toxic effect. Newborn infants are particularly sensitive to oxidation of 
hemoglobin in erythrocytes and, if the level approaches 20% of total hemoglo-
bin, methemoglobinemia or cyanosis can develop which interferes with blood 
transport of oxygen. Methemoglobinemia became better understood in the mid 
twentieth century through medical and epidemiological investigations which 
resulted in special cautions being applied to diet and water sources for this seg-
ment of the human population. It is noteworthy that the few reported human 
nitrate and nitrite exposure studies, including those in both children and adults, 
have not produced methemoglobinemia. Infants exposed to 175–700 mg nitrate/
day did not experience methemoglobin levels above 7.5%, suggesting that 
nitrate alone is not causative for methemoglobinemia [64].	A	more	recent	ran-
domized three-way crossover study exposed healthy volunteer adults to single 
doses of sodium nitrite that ranged from 150–190 to 290–380 mg/volunteer 
[65]. Observed methemoglobin concentrations were 12.2% for volunteers 
receiving the higher dose of nitrite ion and 4.5% for those receiving the lower 
dose.	Recent	 nitrite	 infusion	 studies	 of	 up	 to	110	mg/kg/min for 5 min induced 
methemoglobin concentrations of only 3.2% in adults [66]. These data have led 
to alternative explanations for the observed methemoglobinemia in infants, 
including gastroenteritis and associated iNOS-mediated production of NO induced 
by bacteria-contaminated water [67, 68]. Experts have questioned the veracity of 
the evidence supporting the hypothesis that nitrates and nitrites are toxic for 
healthy post-infant populations [69–71]. It appears that the earlier biologi-
cally plausible hypothesis of nitrite toxicity (e.g., methemoglobinemia) has 
essentially been transformed into sacrosanct dogma [69] despite a lack of proof 
[67, 68]. These studies call into question the mechanistic basis for exposure 
regulations	for	nitrate	and	nitrite.	At	best,	these	findings	highlight	a	serious,	but	
context-specific, risk associated with nitrite overexposure in infants.



56 A.L.	Milkowski

Saliva

Similar to the environmental nitrogen cycle, there is now a recognized human 
nitrogen cycle whereby nitrate is reduced to nitrite and to NO [72]. Nitrate, after its 
absorption in the upper gastrointestinal tract, reaches the salivary glands via the 
blood circulation where it is secreted into the oral cavity and partially reduced to 
nitrite by the oral microflora. There is a linear relationship between the amount of 
nitrate ingested and nitrate and nitrite found in saliva. The ability of the oral micro-
flora to reduce nitrate to nitrite depends on the individual’s age. Mean salivary nitrite 
concentration was found to increase from well below 1 ppm in infants of up to 6 months 
to about 7 ppm or higher in adults [73], but levels over 500 mg/L have been 
reported to occur subsequent to consumption of nitrate rich foods [26].

Early work by Tannenbaum et al. [24, 74] reported that nitrite in saliva of 
healthy individuals is 6–10 mg/L and higher levels in the hundreds of milligrams/
liter could form under conditions of very high nitrate intake and active bacterial 
reduction in saliva. Values of 97 mg/L nitrate and 10 mg/L nitrite were reported in 
a Chinese study after an overnight fasting period [75]. More recently, Bjorne et al. 
[76] reported 1.9 mg/L fasting levels of salivary nitrite which were increased to 
near 100 mg/L after a standardized nitrate load of 4.6 mg/kg body weight was 
administered. Certainly, the high variation in many reports reflects biological vari-
ability and dietary interactions. Thus, it is extremely difficult to accurately quantify 
the contribution of saliva to nitrate and nitrite ingestion but it must be considered 
to be a major source. The current consensus is that as much as 25% of dietary, 
water-solubilized, and endogenously generated nitrate is recycled in the body via 
the enterosalivary route and that up to 25% of that nitrate pool is reduced in the 
saliva by commensal bacteria [77]. The earlier discussed Hord values for salivary 
nitrite contribution to ingestion were based on a 2.0 mg/L concentration of nitrite 
in saliva and secretion of 1.5 L/day. Thus, saliva can commonly be a source of as 
much 15 mg ingested nitrite per day and under conditions of sustained nitrate intake 
from vegetables, this could even be higher.

Non-Dietary Sources of Nitrogen Oxide Exposure: 
Occupational, Smoking, Toothpaste

On a global scale, quantities of nitric oxide and nitrogen dioxide produced natu-
rally by bacterial growth, volcanic action and by lightning by far outweigh those 
generated by man’s activities; however, as they are distributed over the entire 
earth’s surface, the resulting background atmospheric concentrations are very 
small. The major source of man-made emissions of nitrogen oxides into the 
atmosphere is the combustion of fossil fuels in stationary sources (heating, 
power generation) and in motor vehicles (internal combustion engines). Other con-
tributions to the atmosphere may come from non-combustion industrial processes, 
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such as the manufacture of nitric acid and explosives. Indoor sources include 
smoking, gas-fired appliances, and oil stoves. Differences in the nitrogen 
dioxide emission of various countries are mainly due to differences in fossil fuel 
combustion.	Worldwide	emissions	of	oxides	of	nitrogen	in	1970	were	estimated	at	
approximately 53 million tons. Nitrogen dioxide is a respiratory pollutant and 
the	US	EPA	first	set	standards	for	NO

2
 in 1971 at 0.053 ppm (53 ppb) averaged 

annually.	While	 reviewed	periodically,	 they	have	not	been	 changed	 since	 then	
and	all	areas	of	the	United	States	currently	meet	these	standards	[78]. Nitrogen 
oxides are released to the air from the exhaust of motor vehicles, the burning of 
coal, oil, or natural gas, and during processes such as arc welding, electroplating, 
engraving,	 and	 dynamite	 blasting.	When	 it	 is	 NO	 that	 is	 released,	 it	 quickly	
reacts with oxygen to form NO

2
, which is the brown gas formed over cities with 

high pollution [77].	Photo	catalysis	 in	 the	 troposphere	 results	 in	 reformation	
of nitric oxide and because of this cycle, they are both typically referred to as 
NO

x
 in air pollution literature (not to be confused with nitrite + nitrate in other 

literature).
Nitrogen oxides are used in the production of nitric acid, lacquers, dyes, and 

other chemicals and also used in rocket fuels, nitration of organic chemicals, and 
the	manufacture	of	explosives.	As	a	result,	humans	are	chronically	exposed	to	these	
nitrogen oxides, including nitric oxide. Exposure is primarily dependent on where 
people live and the industry in which they work. Everybody is exposed to small 
amounts of nitrogen oxides in ambient air. Exposure to high levels of nitrogen 
oxides, particularly nitrogen dioxide, can damage the respiratory airways. Contact 
with the skin or eyes can cause burns. Nitrogen dioxide and nitric oxide have been 
found	in	at	least	9	and	6	of	the	1,585	National	Priorities	List	sites	identified	by	the	
EPA,	respectively.	People	who	live	near	combustion	sources	such	as	coal	burning	
power plants or areas with heavy motor vehicle use may be exposed to higher levels 
of nitrogen oxides. Households that burn wood or use kerosene heaters and gas 
stoves tend to have higher levels of nitrogen oxides in air when compared to houses 
without these appliances. Exposure from indoor sources such as home appliances 
and smoking should not be underestimated. In the immediate proximity of domestic 
gas-fired appliances, nitrogen dioxide concentrations of up to 2,000 mg/m3 
(1.1	ppm)	have	been	measured.	Workers	employed	in	facilities	that	produce	nitric	
acid or certain explosives, like dynamite and trinitrotoluene (TNT), as well as 
workers involved in the welding of metals may breathe in nitrogen oxides during 
their work. Some of the human toxicological studies of nitrate have relied on 
workers	 in	explosives	and	fertilizer	manufacturing	and	usage	occupations.	While	
they are not representative of the general human population they can be a significant 
source	for	some	people.	Ammonium	and	potassium	nitrate	are	important	fertilizers.	
There have been estimates of nitrate exposure as high as >10 mg/m3 from dust 
[1, 79]. Much literature in this area examines nitrate containing dust without actual 
measurements of the dust composition, hence precise data is lacking [80, 81]. This 
is understandable given the complexity of crystalline forms of nitrate salts in fertil-
izers, changes with storage and mixtures with other fertilizer components [82, 83]. 
Farmers who were exposed to silo gases from the fermentation of harvested crops 
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were acutely affected by nitrogen oxides, some of them fatally. It has been estimated 
that exposure to nitrogen dioxide levels of 560–940 mg/m3 (300–500 ppm) may 
result in fatal pulmonary edema or asphyxia and that levels of 47–140 mg/m3 
(25–75 ppm) can cause bronchitis or pneumonia. Miners who used explosives 
repeatedly in their work were reported to develop chronic respiratory diseases. 
Analysis	of	the	products	of	explosion	showed	the	presence	of	oxides	of	nitrogen	at	
concentrations of 88–167 ppm [84].

Nitric oxide and nitrogen dioxide are found in tobacco smoke, exposing people 
who smoke or breathe in second-hand smoke to nitrogen oxides. Nitrogen oxides in 
cigarette smoke have been implicated in the genesis of chronic obstructive pulmo-
nary	disease	(COPD)	[85] and as precursors to carcinogenic N-nitrosamines [86]. 
Jenkins and Gill [87] report a range of 3–47 mmol of NO

x
 which is highly variable 

depending on type and brand of cigarette. Total NO
x
 produced from smoking one 

cigarette is on the order of 0.5–2 mg [88] which can be a significant exposure for 
heavy smokers, being potentially equal to that from endogenous production. Tobacco 
smoke has been reported to contain nitric oxide levels of about 98–135 mg/m3 
(80–110 ppm) with up to 1,000 ppm reported [89, 90], and nitrogen dioxide levels 
of about 150–226 mg/m3 (80–120 ppm), but these levels may fluctuate considerably 
with the conditions of combustion. Normal, metabolic production of small amounts 
of nitric oxide causes airways to expand. The large amount of nitric oxide in tobacco 
smoke acutely impacts individuals in two ways: (1) when smokers are smoking, it 
expands their airways even further, making it easier for their lungs to absorb nicotine 
and other smoke constituents; (2) when they are not smoking, it shuts off endoge-
nous nitric oxide production, causing their airways to constrict. This may be one 
reason why regular smokers often have difficulty with normal breathing.
Although	it	 is	not	widely	realized,	potassium	nitrate	is	used	in	many	toothpaste	

formulations	to	reduce	pain	sensitivity.	Potassium	nitrate	is	the	active	anti-sensitivity	
ingredient that penetrates the exposed tubules (tiny holes) of the teeth to relieve the 
pain	from	sensitive	nerves	inside	teeth.	Additionally,	it	is	one	of	the	ADA-approved	
ingredients to treat tooth hypersensitivity. Toothpaste designed for sensitive teeth is 
formulated with up to 5% (5,000 ppm) potassium nitrate, which is higher than the 
concentration found in vegetables [88, 91–94]. Since toothpaste is not commonly 
swallowed, the net contribution to nitrate and nitrite exposure cannot be accurately 
estimated. But, nitrate and nitrite as water soluble ions are likely to be extracted from 
the toothpaste and mixed with saliva. The total exposure could therefore be equivalent 
to or greater than that contributed by water or cured processed meats.

Nitrosative Chemistry of Nitrite and Nitrate

Regardless	of	the	source	of	exposure	the	primary	cause	for	concern	of	exposure	to	
nitrite, nitrate or other nitrogen oxides is the nitrosative chemistry that can occur. 
The risk–benefit spectrum from nitrite and nitrate may very well depend upon the 
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specific metabolism and the presence of other components that may be 
concomitantly ingested. The stepwise reduction to nitrite and NO may account for 
the benefits while pathways leading to nitrosation of low molecular weight amines 
or	amides	may	account	for	the	health	risks	of	nitrate	exposure.	Understanding	and	
affecting those pathways will certainly help in mitigating the risks. The discussion 
below will describe these two pathways.

Nitrate itself is generally considered to be harmless at low concentrations. 
Nitrite, on the other hand, is reactive especially in the acid environment of the 
stomach where it can nitrosate other molecules including proteins, amines, and 
amides. Nitrite is occasionally found in the environment but most human expo-
sure occurs through ingested nitrate that can be chemically reduced to nitrite by 
commensal bacteria often found in saliva [95]. The specter of a cancer risk posed 
by nitrite and nitrate is invariably accompanied by concern about exposure to 
preformed N-nitrosamines or N-nitrosamines formed in the stomach from ingest-
ing foods enriched in nitrite and nitrate. This is because some low molecular 
weight amines can be converted (nitrosated) to their carcinogenic N-nitroso 
derivatives by reaction with nitrite (see reaction below) [96]. Nitrosamines are a 
class of chemical compounds that were first described in the chemical literature 
over 100 years ago, but not until 1956 did they receive much attention. In that 
year	two	British	scientists,	John	Barnes	and	Peter	Magee,	reported	that	dimethyl-
nitrosamine produced liver tumors in rats [97]. This discovery was made during 
a routine screening of chemicals that were being proposed for use as solvents in 
the dry cleaning industry. Magee and Barnes’ landmark discovery caused scien-
tists around the world to investigate the carcinogenic properties of other nitro-
samines.	Approximately	300	of	these	compounds	have	been	tested,	and	90%	of	
them have been found to be carcinogenic in a wide variety of experimental 
animals. Most nitrosamines are mutagens and a number are transplacental car-
cinogens. Most are organ specific. For instance, dimethylnitrosamine causes liver 
cancer in experimental animals, whereas some of the tobacco specific nitro-
samines cause lung cancer. Nitrosamines can occur because their chemical pre-
cursors – amines and nitrosating agents – occur commonly, and the chemical 
reaction for nitrosamine formation is quite facile. The reactions below illustrate 
the nitrosation reactions:

 2 2 2R NH(amines) NaNO (sodium nitrite) R N N O(nitrosamine).+ → − =  

In the presence of acid (such as in the stomach) or high temperature (such as via 
frying), nitrosamines are converted to diazonium ions.

 2R N N O(nitrosamine) (acid or heat) R N N O(diazonium ion).+− = + → − − =

Certain nitrosamines such as dimethylnitrosamine and N-nitrosopyrrolidine 
form	 carbocations	 that	 react	 with	 biological	 nucleophiles	 (such	 as	 DNA	 or	 an	
enzyme) in the cell.
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 2R N N O(diazonium ion) R (carbocation) N (leaving group)

: Nu(biological nucleophiles) R Nu.

+ +− − = → +
+ → −

If this reaction occurs at a crucial site in a biomolecule, it can disrupt normal cell 
function leading to cancer or cell death.
About	1970	it	was	discovered	that	ascorbic	acid	inhibits	nitrosamine	forma-

tion [98].	Another	antioxidant,	a-tocopherol (vitamin E), has also been shown 
to inhibit nitrosamine formation [99].	 Ascorbic	 acid,	 erythorbic	 acid,	 and	
a-tocopherol inhibit nitrosamine formation due to their oxidation–reduction 
properties. For example, when ascorbic acid is oxidized to dehydroascorbic 
acid, nitrous anhydride, a potent nitrosating agent formed from sodium nitrite, 
is reduced to nitric oxide, which is not a nitrosating agent. Most vegetables 
which are enriched in nitrate are also rich in antioxidants such as vitamins C 
and E that can act to prevent the unwanted nitrosation chemistry. These com-
pounds are also now almost universally added to cured processed meats. Nitrate 
in drinking water on the other hand has no such protective nitrosation inhibitor 
present and may be cause for concern. Controlling the metabolic fate of nitrate 
and nitrite away from nitrosation and toward reduction to NO may provide a 
strategy	 to	promote	health	benefits	while	mitigating	 the	health	 risks.	Adverse	
health effects may be the result of a complex interaction of the amount of nitrite 
and nitrate ingested, the concomitant ingestion of nitrosation cofactors and 
precursors, and specific medical conditions such as chronic inflammation that 
increase nitrosation. Controlling for such factors is essential for defining the 
safety of nitrite and nitrate.

Summary

Human exposure to nitrate and nitrite can vary widely based on both dietary habits 
and geographical location of their water supply as well as individual exposure to 
atmospheric	nitrogen	oxides.	A	summary	of	estimates	is	shown	in	Table	4.1. The 
largest source of nitrogen oxides in the body are derived from plant sources in the 
diet.	While	drinking	water	can	be	the	next	highest	source,	endogenous	production	
is likely higher. Salivary nitrate and nitrite reflect a recycling of the large dietary 
nitrate consumption and endogenous nitric oxide synthesis and in some cases may 
be	the	largest	source	of	nitrate	and	nitrite	that	is	swallowed.	Processed	meats,	dairy	
products, and poultry products provide only minor contributions to the human 
exposure. Overall human exposure to nitrate is primarily from exogenous sources 
and nitrite is primarily from endogenous sources. Nitric oxide exposure is exclu-
sively from endogenous synthesis or smoking. Nitrogen oxide exposure may also 
occur from administered pharmaceuticals which have not been considered in this 
analysis. Safety and health concerns can be addressed by inhibiting unwanted 
nitrosation reactions.
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Key points

Saltpeter (potassium nitrate), a natural contaminant of salt, contributed historically •	
to the pinkish-red color in salted meats
Nitric oxide, derived from nitrate/nitrite reduction, when combined with myo-•	
globin produces as the color pigment in cured meat products
Nitrite prevents sporulation of •	 Clostridium boutlinum in cured meats
In 1925, the United States Department of Agriculture (USDA) approved nitrite’s •	
use in curing brines and formulas at a maximum ingoing level of 200 ppm
Residual nitrite declined in cured meats from 1930s to 1970s and has remained •	
low since the 1980s mitigating the formation of N-nitrosamines
USDA regulations restrict ingoing levels of nitrite and nitrate (if allowed) to •	
specific levels in meat product categories
Residual nitrite levels in conventional and “organic” cured meats is <10 ppm in •	
the United States
Naturally occurring nitrate in raw vegetables at retail in the United States ranges •	
from 200 to 3,000 ppm
Nitrates in the municipal water supply of 25 metropolitan U.S. cities is •	
<5 mg/L
Nitrite contributes to the safety of cured meats and currently no suitable alterna-•	
tive is available
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Introduction

Salting as means of preserving meat, poultry, fish, seafood, and vegetables predates 
written history and was essential in ancient times for providing nutrient-dense foods 
during scarcity or population migration. The application of rock salt to animal tissues 
led to the curing practices of today that include brine injection, marination, dry rubs, 
or a combination of each that preserve, protect, and favor present-day cured meat 
products. Meat curing is historically defined as the addition of salt (sodium chloride) 
to fresh meat cuts to remove moisture and reduce the water activity of the tissues to 
prevent spoilage. In ancient times, salt was obtained from crystalline deposits by 
mining directly from the earth, or evaporating water from brine pools or seawater. As 
a consequence, it often contained natural contaminants such as sodium or potassium 
nitrate that contributed directly to the curing reaction and the preservation process. 
These contaminants, it was later learned, were the primary components in curing 
reactions that allowed reduction of nitrate salts to gaseous nitric oxide and its subse-
quent reaction with myoglobin, a cellular transport protein.

The fundamental utility of nitrite has been its ability to inhibit the growth of a 
number of aerobic and anaerobic microorganisms and especially suppress the out-
growth of spores from Clostridium botulinum. Nitrite in combination with salt and 
other curing factors may also control the growth of other pathogens such as Bacillus 
cereus, Staphylococcus aureus and Clostridium perfringens. However, under condi-
tions of prolonged temperature fluctuations in a range that promote bacterial 
growth, it does not prevent pathogen outgrowth and may allow toxin production or 
spoilage. Other properties of nitrite include its reduction and reaction with myo-
globin to produce the characteristic reddish-pink cured meat color, its ability to 
inhibit lipid oxidation (and reduce oxidative rancidity or warmed over flavor), and 
its contribution to the cured flavor of meat products.

Meat curing today is understood to mean the incorporation of salt, nitrite, and 
occasionally nitrate into meat products. Additional ingredients in a curing mixture 
may include water, potassium chloride, sodium ascorbate (or its isomer erythorbate), 
sweeteners (sucrose, glucose, honey), alkaline phosphates, lactic acid, citric acid, 
acetic acid, sodium or potassium lactate, sodium citrate, glucono delta lactone, lactic 
acid starter cultures, spices and seasonings, antioxidants, nonmeat binders and 
extenders, hydrolyzed proteins, gelatin, modified starch, hydrocolloids, and liquid or 
natural smoke. Some of these ingredients (saltpeter, vinegar, sugar, spices, natural 
smoke, lactic acid bacteria) were used historically to impart flavor, functional pro-
perties, and textural characteristics to cured meats, but were self-limiting in most 
cases and unregulated in the United States prior to the turn of the twentieth century. 
These ingredients, and especially nitrates and nitrites, have been studied to identify 
their specific functions in the curing process and their role in the potential formation 
of N-nitrosamines, some of which are known carcinogens in several animal species. 
The purpose of this chapter is to provide a brief historical perspective on the use of 
nitrates and nitrites in preserving meat products, the regulatory limits of cure ingre-
dients as established by the United States Department of Agriculture – Food Safety 
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Inspection Service (USDA-FSIS) or Food and Drug Administration (FDA), and a 
synopsis of the residual levels of nitrates and nitrites in present-day cured meat 
products. A brief overview of the concentrations of naturally occurring nitrates in 
selected vegetables and municipal water supplies in the United States are also pre-
sented since these contribute to dietary nitrate and nitrite load.

History of Nitrate and Nitrite in Meat Curing

In a review of the history of nitrate and nitrite in meat curing, Binkerd and Kolari [1] 
concluded that salting as a means of meat preservation was first practiced in the des-
erts of Asia. Saline salts from this area contained impurities such as nitrates that 
contributed to the characteristic red color of cured meats. As early as 3,000 bc in 
Mesopotamia, cooked meats and fish were preserved in sesame oil and dried, salted 
meat and fish were part of the Summerian diet. Salt from the Dead Sea was in com-
mon use by Jewish inhabitants around 1,600 bc, and by 1,200 bc, the Phoenicians 
were trading salted fish in the Eastern Mediterranean region. By 900 bc, salt was 
being produced in “salt gardens” in Greece and dry salt curing and smoking of meat 
were well established. The Romans (200 bc) acquired curing procedures from the 
Greeks and further developed techniques to “pickle” various kinds of meats in a brine 
marinade. It was during this time that the reddening effect of salting was noted. 
Saltpeter (potassium nitrate) is mentioned as being gathered in China and India prior 
to the Christian era for use in meat curing along with “wall” saltpeter (calcium 
nitrate), which is formed by nitrifying bacteria and deposited on the walls of caves 
and stables. In Medieval times, the application of salt and saltpeter as curing ingredi-
ents was commonplace and the reddening effect on meat was attributed to saltpeter.

As early as 1835, saltpeter was cited as imparting juiciness and flavor to bacon 
when applied at 0.5 lb per 100 lb of meat (5,000 ppm or mg/kg). In 1873, Edward 
Smith described salt as “the oldest and best known of preserving agents…its chief 
action appears to be due to its power of attracting moisture, and thus extracting fluid 
to harden the tissues.” He further described the development of a “reddish color 
throughout” in meat preserved with saltpeter as compared to preservation by salt 
alone, which allowed the meat color to fade. Meat curing was more of an art than a 
science in the early nineteenth century, but as a greater understanding of the curing 
process evolved in the late 1800s and early 1900s, the role of nitrate and nitrite in the 
formation of cured meat color and flavor became apparent. In 1891, Polenske first 
reported finding nitrite in cured meat and reused curing pickle [1]. He concluded that 
nitrite was the result of the bacterial reduction of nitrate added to the pickle [2]. In 
1899, Lehman and Kisskalt (cited in [1]) demonstrated that the color development in 
cured meats was actually due the presence of nitrite and not nitrate. Later, Haldane 
[3] and Hoagland [4] explained the chemical reactions involved in the development 
of red color in cooked, cured meats in a series of studies with hemoglobin. Haldane 
demonstrated the formation of nitrosylhemoglobin when nitrite was combined with 
hemoglobin, and the subsequent conversion of nitrosylhemoglobin to its red pigment 
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form, nitrosylhemochromogen, with heating. Hoagland, also using “hemoglobin”, 
later described the reduction of nitrate to nitrite and nitrite to nitrous acid with subse-
quent formation of nitric oxide by bacterial and/or enzymatic reactions [5]. Conversion 
of nitrous acid to nitric oxide allowed reaction with “hemoglobin” resulting in the 
formation of nitrosylhemoglobin and nitrosohemochromogen. Additional studies by 
Hoagland in 1914 [6] with cooked salted meats showed that nitrous acid, or its 
metabolite nitric oxide, reacted with myoglobin to form nitrosylmyoglobin and 
nitrosylprotohaem, the characteristic color compounds observed in uncooked and 
cooked cured meat products, respectively [7, 8].

Regulatory Restrictions of Nitrate and Nitrite

Following the work of Haldane and Hoagland, the German government in 1909 
recommended the use of partially reduced nitrate in curing mixes and marketed these 
across Europe. Up until this time, U.S. processors had limited control, if any, over 
the production of nitrite in a nitrate brine or pickle. Curing establishments, prior to 
the early 1900s, frequently used the same lot of pickle more than once, adding more 
salt and nitrate to maintain the original concentration in the pickle, failing to realize 
that the pickle now contained more nitrite derived from the reduction of the original 
nitrate in the brine. The effect was a pickle relatively rich in nitrite, as well as highly 
contaminated with bacteria. Products produced using these brines were susceptible 
to spoilage, quite variable in nitrite concentration (often ranging from 2 to 960 ppm), 
and in some cases had exceptionally high levels of residual nitrite [2]. To resolve this 
problem, the Bureau of Animal Industry of the USDA authorized a series of experi-
ments in 1923 to study the direct use of nitrite as a curing agent rather than nitrate. 
Kerr et al. [9], under the supervision of Bureau of Animal Industry inspectors, cured 
hams with a closely controlled amount of nitrite (~2,000 ppm) in a pickle, analyzed 
the hams for residual nitrite and compared these results to the residual nitrite in 
nitrate-only cured products. They established that the addition of approximately 
2,000 ppm of sodium nitrite in the curing pickle resulted in an average nitrite content 
of 42–150 ppm in hams with no more than 200 ppm in any part of the product. 
Nitrate-cured hams, on the other hand had a maximum residual nitrite content of 45 ppm. 
Subsequent evaluation of the flavor and quality of the nitrite cured hams indicated 
that they were equivalent to traditionally cured (nitrate) hams. Based on these 
results, a tentative limit of 200 ppm residual nitrite was established as the maximum 
nitrite level allowed in finished cured meat products. Additional commercial scale 
experiments in 17 meat curing plants with shoulders, loins, tongues, hams, bacon, 
corned beef, dried beef, and sausages enabled Kerr et al. to conclude that “from 1/4th 
to 1 oz. of sodium nitrite is sufficient to fix the color in 100 lb (of meat), the exact 
quantity depending on the meat to be cured and the process employed.” Based on 
these experiments, sodium nitrite was allowed as a curing ingredient in federally 
inspected establishments in 1925 [10, 11]. The Bureau authorization later stated 
that “Extended experiments have demonstrated that successful curing may be 
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 accomplished by the addition of as small a quantity as one-fourth of an ounce of 
sodium nitrite to each 100 pounds of meat; therefore, pending further ruling by the 
Bureau, the finished product shall not contain sodium nitrite in excess of 200 parts 
per million.” U.S. meat packers found that by using nitrite in place of nitrate in cur-
ing pickles, they gained more control over the process with more uniform results. 
The direct addition of nitrite also shortened pickling times and resulted in a curing 
process that did not require the presence of reducing microorganisms for nitrate, 
thereby allowing for a process that limited the presence of spoilage bacteria.

In 1931, the USDA issued a rule-limiting curing solutions, containing both 
nitrite and nitrate, to deliver no more than 156 ppm nitrite and 1,716 ppm nitrate 
per 100 lbs of pumped, brine cured meats. Additional regulations for cured meat 
were issued in 1970 that allowed sodium or potassium nitrate at 7 lb per 100 gal 
pickle, 3.5 oz per 100 lb meat in dry cure, or 2.75 oz per 100 lb of chopped meat. 
Sodium nitrite was permitted at 2 lb per 100 gal pickle assuming a 10% pump level, 
while 1 oz could be applied to 100 lb meat as a dry cure or 0.25 oz to 100 lb of 
chopped meat or meat product that would result in not more than 200 ppm nitrite 
in the finished product.

Current U.S. regulations allow the use of nitrite and selective use of nitrate in 
meat products based on product category and method of curing. Immersion cured, 
massaged, or pumped products, such as hams or pastrami, are limited to a maxi-
mum ingoing level of 200 ppm of sodium or potassium nitrite and/or 700 ppm of 
nitrate, respectively, based on the raw product weight [12]. Dry-cured products, 
however, are allowed a maximum ingoing level of 625 ppm nitrite and/or 2,187 ppm 
nitrate since these products have longer curing times that allow for immediate 
nitrite reaction with myoglobin and longer term conversion of nitrate to nitrite. If a 
combination of nitrite and nitrate are used, the combination must not result in more 
than 200 ppm sodium nitrite in the finished product. Comminuted products, such 
as frankfurters, bologna, and other cured sausages, are limited to a maximum 
input level of 156 ppm of sodium or potassium nitrite based on the raw weight of 
the meat block. Nitrate may be added to these products at 1,718 ppm regardless of the 
type of salt used. In 1978, USDA regulations lowered the input sodium nitrite in 
bacon to 120 ppm (148 ppm potassium nitrite), required addition 547 ppm sodium 
ascorbate or its isomer erythorbate, and eliminated the use of nitrates in bacon [13]. 
Bacon regulations were again changed in 1986 to give processors three alternatives 
that would allow lower levels of nitrite in combination with other processing pro-
cedures. Skinless bacon was required to have 120 ppm of sodium nitrite (148 ppm 
potassium nitrite) in combination with 547 ppm of sodium ascorbate or erythorbate 
to reduce the ingoing nitrite level and the potential for N-nitrosamine formation. 
These regulations also allowed for a ± 20% (96–144 ppm) variance from the speci-
fied concentration of nitrite at the time of injection or massaging. Other exceptions 
to these regulations include reducing sodium nitrite to 100 ppm (123 ppm potas-
sium nitrite) with an “appropriate partial quality control program” [14], or 
40–80 ppm of sodium nitrite (49–99 ppm potassium nitrite) if sugar and lactic acid 
starter culture are included in the curing brine. Dry-cured bacon was limited to 
200 ppm sodium nitrite or 246 ppm potassium nitrite.
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In other countries, the levels of nitrite and nitrate in cured meats are regulated, 
but vary depending upon the maximum input levels allowed by each regulatory 
authority and the specific processing procedures followed by manufacturers. The 
European Union rules, as specified by Directive No. 95/2/EC [15], fix the input 
nitrite level in bacon at 150 ppm and residual amounts between 50 and 175 ppm. 
In Denmark, a lesser amount is allowed (60–150 ppm) in semi-preserved products 
and special cured hams. Directive No. 95/2/EC allows only 250 ppm residual nitrate 
(sodium) in salted meats, but for unheated products 150 ppm nitrite +150 ppm 
nitrate are allowed. Wiltshire or dry cured bacon may have 175 ppm residual 
nitrite + 250 ppm residual nitrite [7]. In Canada, the maximum allowable limit of nitrite 
in meat products, such as hams, loins, shoulders, cooked sausages, and corned beef, 
is 200 ppm, but further reductions to 120–180 ppm have been taken by the Canadian 
meat industry [8]. Bacon may not contain more than 120 ppm nitrite (input) to 
reduce the risk of N-nitrosamine formation.

Residual Nitrate and Nitrite Levels in Meat Products

From 1925 until 1970, many meat processors continued to use nitrate in their curing 
formulations. In 1930, Mohler (cited in [1]) reported that 54% of meat processors 
were still using sodium nitrate, 17% used sodium nitrite, and 30% a combination 
of nitrate and nitrite. By 1970, approximately 50% of meat processors were 
reported using nitrate in canned, shelf-stable products, but by 1974, all manufac-
tures surveyed had discontinued the use of nitrate in these product categories as 
well as cured bacon, hams, canned sterile meats, and frankfurters. Reasons for this 
change have been attributed to a technological shift to more rapid curing and pro-
cessing procedures, careful control of nitrite quantities that in turn eliminated the 
need for nitrate, and concern over nitrate being a precursor to the formation of vola-
tile N-nitrosamines during processing or after consumption.

Early surveys of nitrate and nitrite levels in U.S. cured meats by Mighton [16] and 
Lewis [17] showed lower levels of nitrite and nitrate than were previously observed 
by Kerr et al. [9] just 10 years earlier. By 1972, no nitrates were found in the cured 
products such as hams, bacon, corned beef, bologna, or frankfurters (Table 5.1) [18]. 
As noted in Table 5.1, residual nitrite levels were lower in bologna (36 ppm) and 
frankfurtrers (38 ppm) in the 1972 survey compared to mean nitrite levels of 
61–72 ppm and 84–102 ppm observed in two studies in the mid-1930s. In the 1970s, 
the use of nitrite to cure meat was questioned due to the potential formation of 
N-nitrosamines and the level of residual nitrite that was being contributed to the 
dietary load [19]. Recommendations derived from this concern and the subsequent 
publication of additional studies on the use of nitrite in curing led to a change in 
USDA regulations in 1978 and 1986 that reduced the allowable levels of nitrite and 
nitrate in meat products and made provision for the use of reductants such as sodium 
ascorbate to decrease the level of residual nitrite and reduce the potential for 
N-nitroso compound formation [20]. The use of nitrate was restricted to only certain 
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long-term cured products (dry-cured hams, prosciutto) and stricter handling controls 
of nitrites were instituted in the manufacturing process. In 1980, The National 
Academy of Sciences (NAS) entered into a contract with USDA and the FDA and 
established the Committee on Nitrate and Alternative Curing Agents in Food. The 
committee was charged with the task of assessing the health risks associated with 
overall exposure to nitrate, nitrate, and N-nitroso compounds derived from both 
natural sources and the nitrate and nitrite added to foods. They also were to review 
the status of research and future prospects for developing feasible alternatives to the 
use of nitrite as a preservative. In 1981, a comprehensive report entitled, “The Health 
Effects of Nitrate, Nitrite and N-Nitroso Compounds,” was published by the NAS to 
assess the human health risk of these compounds. Eleven recommendations, which 
are shortened below [21, 22], were made to reduce the risk associated with consump-
tion of nitrites, nitrates and N-nitroso compounds in cured meats.

 1. Nitrate is neither carcinogenic nor mutagenic. Some human population studies 
have indicated an association of exposure to high nitrate levels with certain 
cancers. Future studies were therefore recommended.

 2. Nitrite does not act directly as a carcinogen in animal studies. Further testing 
may be warranted.

 3. Most N-nitroso compounds are carcinogenic in laboratory animals, mutagenic 
in microbial and mammalian test systems, and some are teratogenic in labora-
tory animals. Future work should emphasize quantitative assessment of potency 
and outcome.

 4. Because nitrate and nitrite can exert acute toxic effects and contribute to the 
total body burden of N-nitroso compounds, it was recommended that exposure 

Table 5.1 Residual nitrite and nitrate levels (mg/kg) in cured meat products surveyed at retail

Product

Nitrite (ppm) Nitrate (ppm)

Average Range Average Range

Hams 52 M 7–145 360 120–610
Smoked 80 L 34–184 600 100–1,200
Boiled 48K 16–100 – –

59 M 11–87 370 30–910
49 L 31–63 700 300–1,100

Bacon (raw) 13 M 4–22 1,400 700–2,100
16 L 11–29 1,200 300–1,900
96 K 24–170 – –

Corned beef 3 M 3–5 200 169–270
75 L 1–216 1,700 500–3,000

Bologna 61 M 44–86 380 30–790
72 L 60–114 650 100–1,020
36 K 0–76 – –

Frankfurters 84 M 55–146 710 570–880
102 L 13–195 513 100–1,090
38 K 15–80 – –

M Mighton [16]; L Lewis [17]; K Kolari and Aunan (1972) [18]
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to these agents be reduced. Reduction in nitrate use should not compromise 
protection against botulism. The use of nitrate salts in curing should be elimi-
nated, with the exception of a few special products. Attention should be given 
to reducing nitrate content of vegetables and drinking water.

 5. Sources of exposure to N-nitroso compounds in various environmental media 
should be determined so that it can be reduced. Analytical procedures should be 
improved, especially for nonvolatile compounds and for both free and bound 
nitrite.

 6. The exposure of humans to amines and nitrosamines can be reduced in some 
instances by modifying manufacturing practices, such as with certain pesticides 
and drugs.

 7. Additional studies are needed to increase the understanding of the metabolism 
and pharmacokinetics of nitrate in humans.

 8. Further study of inhibitors of nitrosation is needed.
 9. Further studies should be made to determine the mechanism(s) whereby nitrite 

controls the outgrowth of C. botulinum spores, and also its effect against other 
spoilage and pathogenic microorganisms.

 10. Although it is not possible to estimate the potential morbidity nor mortality from 
C. botulinum in the absence of nitrite as a curing agent in certain products, the 
prudent approach to protecting public health requires consideration of the possibil-
ity that certain preserved food items may be contaminated and may be abused.

A subsequent report entitled, “Alternatives to the Current Use of Nitrite in Foods” 
[23], made recommendations for reducing nitrite and nitrate levels in cured meats 
and recommended alternatives that could serve as partial or complete replacements 
for nitrate, and agents that block the formation of nitrosamines in products con-
taining conventional concentrations of nitrite. The following alternatives were 
found by the committee to be the most promising: a combination of ascorbate, 
a-tocopherol, and nitrite; irradiation (with or without nitrate); lactic acid-producing 
organisms (with or without nitrite); potassium sorbates with low concentrations of 
nitrite; sodium hypophosphite (with or without nitrite); and several fumarate esters. 
Combined, these reports alleviated public concern about cured meat as a human 
health risk. However, an epidemiological report that processed meats (specifically 
hot dogs) caused cancer in children [24] led to additional concerns about the poten-
tial risk of N-nitroso compounds and the levels of nitrite in these products. 
Following the publication of the NAS reports and other studies linking nitrite as a 
curing ingredient to cancer, a significant amount of research was initiated. However, 
a suitable alternative to nitrite with the same protective effect against Clostridium 
botulinum has not been identified.

To substantiate that levels of nitrite were lower in cured meat products since 
USDA regulatory changes were instituted in 1978 and 1986, a multi-city survey of 
U.S. cured meat products (bacon, ham bologna, and wieners from major manufac-
turers) was conducted by Cassens [19] to assess the levels of residual nitrite and 
ascorbate in these products. The overall mean residual nitrite and ascorbate levels 
in 164 samples were 10 and 209 ppm, respectively. In comparison, the average 
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nitrite value was lower than those reported by White [25] and those given in the 
NAS [21] report. White’s mean values for nitrite and nitrate were 52.5 and 235 ppm 
(361 ppm for canned items), respectively, for a broad range of U.S. cured meat 
products taken from different databases in the early 1970s. Overall mean residual 
nitrite levels in Cassens’ survey indicated that the residual nitrite in cured meats had 
been reduced significantly from the levels reported in the 1970s.

A national U.S. retail survey of the residual nitrate and nitrite concentrations in 
cured meat products was conducted by Keeton in 2009 to verify that levels contrib-
uted by cured meats have remained low, and are minor contributors to the total 
human dietary intake of nitrate and nitrite. A comparison of the mean nitrite and 
nitrate concentrations in the major cured meat categories are shown in Table 5.2. 
Nitrite means from the NAS [21] study derived from databases amassed in the 
1970s ranged from 6 to 42 ppm except for dry-cure products, which had nitrite 
levels of 280 ppm. Compared to mean nitrite values (3–15 ppm) in three product 
categories reported by Cassens [19], residual nitrite levels have decreased signifi-
cantly since the NAS study was conducted. Keeton [26] likewise evaluated 467 
cured meat products and found comparable mean nitrite values (0.6–7 ppm) to 
those of Cassens [19]. Keeton found much lower nitrate levels (15–79 ppm) within 
each product category compared to those in the NAS survey (24–640 ppm). The 
nitrite and nitrate concentrations of cured meat products classified as conventional 
or organic are given in Table 5.3. In general, all residual nitrite levels were not dif-
ferent between conventional and organic categories. However, the nitrate concen-
trations in organic labeled cured meat products tended to be lower in dried sausage, 
cooked sausage, fermented sausage, and dry-cured products when compared to 
conventional products. Thus, it appears that implementation of regulatory restric-
tions by the USDA-FSIS in 1978 and 1986, the use of reductants such as ascorbate, 
and controlled manufacturing procedures have dramatically reduced the levels of 
residual nitrite, and nitrate, in all meat product categories.

Nitrates and Nitrites Occurring Naturally in Food

Vegetables

Nitrates are intrinsic, naturally occurring constituents of plants and as a conse-
quence are consumed with vegetables and fruits. Nitrates are produced in the soil 
by microorganisms acting on manure, urine and vegetable waste, thus making them 
available to growing plants [27]. Several factors can affect the nitrate content of 
vegetables [21, 28–30]. These include:

Related plant strains (cultivars) that systematically differ in nitrate content.•	
Different levels and timing of nitrogen fertilizer application. Nitrate accumulation •	
increases as the amount of nitrogen fertilizer used increases and if the fertilizer is 
applied shortly before harvest.
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Nitrate levels tend to increase as daytime temperatures drop below an optimal •	
 temperature; thus, geographical region and season of harvest affect nitrate content.
Greenhouse plants tend to accumulate higher levels of nitrate than do plants grown •	
outdoors perhaps because nitrogen fertilizers are used more heavily indoors.
Plants grown in shade, at high latitudes with limited sunlight, and during drought •	
accumulate higher levels of nitrate than do plants grown under optimal condi-
tions of water and light supply.
Leafy plants harvested on a sunny afternoon often contain less nitrate than those •	
harvested in the morning or during inclement weather.
Some plant diseases, insect damage, or exposure to herbicides, such as those •	
used in weed control, often increase nitrate accumulation.
Soil deficiencies, such as insufficient molybdenum or potassium, or acidic, •	
organically rich (peat) soils lead to elevated nitrate content.

These factors may alter nitrate levels in vegetables by affecting one or more plant 
processes such as nitrogen uptake, nitrogen transport, or nitrate reduction and 
assimilation. Processes such as canning and blanching can reduce the nitrate levels 
by 20–50% in some vegetables, while storage, particularly at higher temperatures, 
can result in an increase of nitrite due to the reduction of nitrate to nitrite by 
reductase enzymes present in plant tissues and by contaminating bacteria. While 
the nitrate and nitrite content of vegetables varies greatly, the initial nitrate content 
can be modified by certain modifications in growing conditions including water 
source, soil conditions, time of harvest, plant-specific factors, and by the amount, 
kind and timing of nitrogen fertilization [21].

In general, the nitrate concentration in raw vegetables is extremely variable and 
also varies from country to country and region to region due to the factors previ-
ously mentioned. Results from a recent national U.S. survey of nitrite and nitrate 

Table 5.3 Mean nitrite and nitrate concentrations (mg/kg) of retail cured meat categories classified 
as conventional or organic

Product category

Conventional Organic

N Mean Min Max N Mean Min Max

Cured dried uncooked 
sausage

Nitrite 40 0.8 0.03 10 24 0.6 0.01 8
Nitrate 40 113 0.1 2,289 23 19 0.1 137

Cured cooked sausage Nitrite 59 8 0.1 29 30 5 0.05 35
Nitrate 59 32 0.8 541 30 18 0.4 74

Fermented cooked 
sausage

Nitrite 52 0.8 0 27 19 0.1 0 0.5
Nitrate 52 46 2 320 19 7 0 57

Whole-muscle brine 
cured uncooked

Nitrite 20 7 1 36 19 8 0.1 36
Nitrate 20 14 3 32 18 38 2 462

Whole-muscle brine 
cured cooked

Nitrite 97 7 0.03 28 44 7 0.1 22
Nitrate 97 16 0.2 108 44 13 0 143

Whole-muscle dry- 
cured uncooked

Nitrite 39 1 0.02 16 24 3 0.02 29
Nitrate 38 106 0.4 1,367 24 7 0.2 50

Keeton et al. [26]. See Table 5.2 for a more detailed explanation and examples of actual products 
in each category



80 J.T. Keeton

concentrations of raw vegetables at retail classified as conventional or organic are 
given in Table 5.4. In general, the concentrations of nitrate, and nitrite, were not 
different between conventional or organic labeled broccoli, cabbage, celery, and 
lettuce. One exception was the nitrate level in organic spinach (1,318 ppm), which 
was lower than its conventional counterpart (2,797 ppm). The concentrations (ppm) 
of nitrate from highest to lowest in raw vegetables shown in Table 5.4 were: spinach 
(1,318–2,797), celery (912–1,495), lettuce (844–850), and broccoli (204–394). 
Other vegetables such as beets, radishes, eggplant, celery, lettuce, collards, and 
turnip greens also contain similar high concentrations of nitrates.

Drinking Water

The nitrate ion (NO
3
–), the oxidized form of dissolved nitrogen, is the most com-

mon groundwater contaminant worldwide and is highly soluble making it easily 
leached from soils into the available groundwater. It is derived from both natural 
and human sources and is a relatively stable form of nitrogen in oxygen-rich soils 
and aquifers. Nitrogen is an inert gas that makes up 78% of the atmosphere and 
through natural processes is converted into a variety of common bioavailable com-
pounds, the most common being ammonia (NH

3
), ammonium (NH

4
+), nitrate nitro-

gen (NO
3
–N), nitrite (NO

2
 –), N-nitrosamines, or organic nitrogen (R-N

2
H) [31]. 

Natural sources of nitrate from nitrogen include fixation by lightning, bacterial 
conversion in plants and to a lesser extent igneous rocks, deep geothermal fluids 
and dissolution of some evaporite minerals. During the decomposition of plants, 
stored nitrogen can be released to the soil where it is then converted to nitrate and 
incorporated into aquifers by precipitation.

The primary sources of nitrates that contaminate groundwater are derived from 
human activity and also include waste from farm animals, fertilizers, manure applied 

Table 5.4 Mean nitrite and nitrate concentrations (mg/kg) of raw vegetables at retail classified as 
conventional or organic

Product  
category

Conventional Organic

N Mean Min Max N Mean Min Max

Broccoli Nitrite 20 0.6 0.01 9 20 0.1 0.01 0.7
Nitrate 20 394 29 1,140 19 204 3 683

Cabbage Nitrite 20 0.1 0.01 0.4 20 1 0.01 11

Nitrate 20 418 37 1,831 20 552 2 2,114
Celery Nitrite 18 0.1 0.02 0.5 20 1 0.02 9

Nitrate 19 1,495 20 4,269 20 912 0.7 3,589
Lettuce Nitrite 19 0.6 0.01 10 20 0.1 0 0.3

Nitrate 19 850 79 2,171 20 844 58 2,013
Spinach Nitrite 19 8 0 137 20 1 0 17

Nitrate 19 2,797 65 8,000 20 1,318 16 4,089

Keeton et al. [26]
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to soils, human waste from septic tanks, and waste water treatment systems 
( discharge) [32]. In the Southwestern United States and other agricultural areas, 
inorganic fertilizer and animal manure are the most common nitrate sources while 
urban areas without proper sewer containment contribute to the nitrate levels in 
groundwater. Ammonia used in fertilizers may volatilize, be used by plants, or may 
be denitrified by microbial action, thus releasing gaseous nitrogen.

The U.S. Environmental Protection Agency (EPA) established the maximum 
contaminant level (MCL) for nitrate-nitrogen (NO

3
–N) at 10 mg/L in 1975 to regu-

late nitrate levels in drinking water and protect human health [31]. It has been 
known for more than 50 years that high concentrations of nitrate (>20 mg/L as 
nitrogen) could cause methemoglobinemia (“blue baby disease”) in infants less 
than 6 months of age and was part of the impetus for the EPA regulation. Other 
conditions such as hypertension, central nervous system birth defects, certain can-
cers, non-Hodgkins lymphoma, and diabetes mellitus have been linked to nitrate in 
drinking water. Having similar concerns, the World Health Organization in 1993 
established the MCL for nitrate at 11.3 mg/L nitrate-nitrogen which has been the 
limit adopted by many other countries throughout the world. In the United States, 
a survey conducted by Nolan and Stoner [33] of 33 regional aquifers found that 
more than 15% of the wells drawing from the aquifers had nitrate concentrations 
above the EPA maximum limit of 10 mg/L nitrate-N. In other studies, nitrate was 
the most frequently reported groundwater contaminant in over 40 states [34, 35].

The permissible concentration of nitrate in drinking water is 50 mg nitrate/L in the 
European Union and 44 mg/L in the United States [36]. The U.S. EPA MCL or  exposure 
level for drinking water is 10 mg/L nitrate and 1 mg/L nitrite. The Joint Food and 
Agricultural Organization/World Health Organization set the Acceptable Daily Intake 
(ADI) for nitrate ion at 3.7 mg/kg body weight and for the nitrite ion at 0.6 mg/kg body 
weight. The EPA has set a Reference Dose for nitrate at 1.6 mg nitrate ion/kg-day body 
weight and for the nitrite ion a level of 0.1 mg/kg-day body weight. Lower doses are 
set for infants and children due to the potential for methemog lobinemia.

A survey of EPA reports giving the nitrate and nitrite concentrations in the 
municipal water supply of 25 major cities across the United States indicated that the 
water from each city was compliant for nitrate and nitrite content [26]. Philadelphia, 
PA, Atlantic City, NJ, and Los Angeles, CA, reported the highest levels of nitrate of 
the 25 cities at 4.9, 4.6 and 2.2–9.2 ppm (mg/L), respectively. It is interesting to note 
that the highest nitrate concentrations in Los Angeles came from groundwater that 
was taken from wells. All drinking water sources were below the allowable limits 
for nitrate (10 mg/L) and nitrite (1 mg/L) established by the EPA.

Current and future treatment options to lower nitrate levels in drinking water 
include: (1) blending high-nitrate water with low-nitrate water; (2) ion exchange of 
potable water (most widely use nitrate removal method, but may contribute very low 
levels of nitrosamines or their precursors from the membrane resins); (3) membrane 
separation (reverse osmosis and electrodialysis are used in small  communities, but 
require high energy inputs); (4) biological denitrification with selective  microorganisms 
that convert NO

3
– to N

2
; and (5) chemical denitrification (under development) that 

reduces nitrate. Both denitrification systems require low-dissolved oxygen levels.
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Conclusion

Nitrite, and in some cases nitrate, are functional food ingredients that serve as 
 effective antimicrobials to inhibit pathogens such as Clostridium botulinum, impart 
a distinctive reddish-pink cured color to meat products, provide antioxidant proper-
ties to retard lipid oxidation, and extend the shelf-life of cured meat products. Some 
concern has been raised about the use of these ingredients and whether their level 
of use truly poses a sufficient health risk to warrant their restriction or removal from 
cured meats.

Historically, meat curing consisted of the addition of salt to fresh meat cuts to 
remove moisture and reduce the water activity of the tissues to prevent spoilage. 
In ancient times, salt was obtained from crystalline deposits left by evaporating 
water from brine pools, seawater or mining directly from the earth. As a conse-
quence, it often contained natural contaminants such as sodium or potassium nitrate 
(saltpeter) that contributed directly to the curing reaction and the preservation pro-
cess. Written records of meat curing are available as early as 3,000 bc and dry salt 
curing and smoking of meat were well established by 900 bc in Greece. The 
Romans (200 bc) acquired curing procedures from the Greeks, developed “pick-
ling” techniques of meats with a brine marinade, and noted a reddening effect when 
salt extracted from natural sources was used. Meat curing was more of an art than 
a science in the early nineteenth century, but as a better understanding of the curing 
process evolved in the late 1800s and early 1900s, the role of nitrate, and specifi-
cally nitrite, in the formation of a distinct cured meat color and its suppression of 
the outgrowth of Clostritidum botulinum spores became apparent.

In 1925, for the first time the U.S. Department of Agriculture, Bureau of Animal 
Industry allowed the use of nitrite salts in meat curing formulas to reduce product 
spoilage and high levels of residual nitrite in cured products. They also established 
a maximum limit of 200 ppm nitrite in finished cured meat products. From the 
1930s to the mid-1970s, the use of nitrate declined in cured meat products, and 
today, nitrate use is limited to only dry-cured and speciality meat products. With the 
implementation of additional regulatory restrictions in 1978 and 1986, the use of 
nitrite in cured meat products is now allowed at no more than 120–200 ppm 
depending upon the category. These restrictions have dramatically reduced the 
levels of residual nitrite, and nitrate, in all meat product categories and their levels 
have remained low since the implementation regulatory restrictions. The most 
recent survey indicates an average of 0.6–7 ppm residual nitrite and 15–67 ppm 
nitrate across the major categories of cured meat products consumed in the United 
States. This could be significant when evaluating cured meat’s contribution to the 
total dietary load of nitrite and nitrate and their contribution to increased risk of 
gastrointestinal cancer, or their potential benefits to cardiovascular health and gas-
trointestinal immune function.

The nitrate content of vegetables varies greatly due to cultivar, variety, growing 
conditions, water source, soil conditions, time of harvest, plant-specific factors, the 
amount, kind and timing of nitrogen fertilization, storage period and conditions, and 
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processing procedures. Although vegetables are considered a major source of nitrate 
in the diet, the fact that the nitrate content of vegetables are variable poses a potential 
dilemma in determining nitrate’s actual contribution to the nitrate/nitrite load in the 
diet. This variation might be of sufficient magnitude to alter epidemiological predic-
tions if not considered appropriately by region and vegetable category.

EPA reports of the nitrate and nitrite levels in 25 of the largest municipal water 
supplies across the United States indicates that water from these sources meets accept-
able nitrate and nitrite levels based on EPA limits. However, some municipalities were 
close to the EPA maximum indicating that water in certain regions of the United States 
should be given consideration when evaluating dietary nitrate and nitrite intake.

Although nitrite and nitrate have only recently received public scrutiny since the 
1960s, these two molecules have a rich history dating back thousands of years. 
They are a natural part of our diet through the consumption of vegetables and are 
essential for food safety when used as an additive. Understanding the rich history 
of the use of nitrite and nitrate will hopefully help in educating consumers and 
scientists alike on the safety and potential risks associated with their ingestion.
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Key points

When evaluating epidemiologic data on nutrition, careful consideration of the •	
study design, implementation and accuracy of dietary assessment is required.
Prospective cohort studies on diet may avoid biases commonly observed in case-•	
control studies and may be less problematic than large randomized experiments.
Food-frequency questionnaires provide useful information about intake of major •	
nutrients and are a practical option for dietary assessment in large studies.
Biochemical measurements of nutrients are particularly important when a specific •	
nutrient is poorly measured by other methods but it is essential to evaluate its 
sensitivity and the validity of this measure as an indicator of long-term intake.
The great variability in nitrate and nitrite contents of foods and the short half-lives •	
of their biochemical indicators complicate exposure measurement; however, some 
studies suggest that nitrate and nitrite intake in epidemiologic studies is feasible.
The epidemiologic evidence for the relation between dietary nitrate and nitrite •	
and cancer is weak.
There is no direct epidemiologic evidence of the relation between nitrite and •	
nitrate intake and cardiovascular disease.
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Introduction

Understanding	the	role	of	diet	in	health	is	important	because	dietary	variables	are	
potentially modifiable risk factors on which preventive efforts may focus. New 
insights into nitrogen oxide metabolism and beneficial effects of nitrite intake on 
cardiovascular health in experimental models have opened new areas of investigation 
for prevention of cardiovascular disease [1]. When evaluating epidemiologic data 
on nutrition, careful consideration of the study design and the implementation and 
accuracy of dietary assessment is required. Case-control studies of nutrition may 
afford important insights, but as compared to prospective cohort studies these are 
more	 often	 susceptible	 to	 bias.	 Affected	 individuals	may	 associate	 their	 disease	
with foods perceived to be poor in nutritional value and over-report them relative to 
unaffected controls. Thus, prospective studies are strongly preferred.

Dietary exposures can be assessed using questionnaires or biochemical indicators. 
These methods have different strengths and limitations which need to be considered 
for a particular application. The current review is a summary of the available 
epidemiologic evidence relating dietary nitrates and nitrites and cancer and cardio-
vascular disease that will focus on methods and study designs commonly used in 
nutritional epidemiology.

Nutritional Epidemiology and Dietary Assessment

Study Designs

The complex nature of human diets has posed difficult challenges for the evaluation 
of diet–disease relations [2]. For other exposures, such as cigarette smoking or 
aspirin use, individuals can easily recall the presence or absence, level and pattern 
of life-time exposure. In contrast, diet comprises a set of strongly correlated 
variables where all individuals usually have some level of intake; everyone eats fat, 
carbohydrates, and vitamin C. In addition, individuals rarely make abrupt changes 
in their diet and are unaware of the nutrient content of the foods they eat; thus 
nutrient intake is determined indirectly based on reports of foods. Hence, the major 
limitation in research on nutrition and health has been the accurate measurement of 
dietary factors.

Initially, nutritional epidemiology relied on ecologic or correlation studies to 
investigate dietary factors and health. This strategy relies on comparisons of disease 
rates and per capita consumption of specific dietary factors across populations. 
Ecologic	 studies	 in	 nutritional	 epidemiology	 have	 been	 profoundly	 important	 in	
developing hypotheses on diet and health, but they are considered to provide insuf-
ficient evidence for decision making by individuals or for public health policy. 
The primary reason is the potential for confounding by factors that are difficult to 
measure. There may be determinants of the disease other than the dietary factor 
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under study that vary between areas with high and low disease incidence and could 
explain the observed relation. In addition to this important limitation, ecologic 
studies rely on national dietary data that may vary in quality.

Two study designs commonly employed in epidemiology have been used to 
avoid the limitations of ecologic studies. In case-control studies, information 
about previous diet is obtained from diseased individuals and compared with that 
from individuals free of disease. In contrast, prospective cohort studies obtain 
data on diet from healthy individuals who are then followed to determine disease 
rates according to their level of intake of the dietary factors under study. Both 
study types allow for control of confounding effects of other factors when these 
have been measured. Investigators may limit the potential effect of these factors 
by matching individuals to be compared on the basis of known risk factors or by 
restriction	 to	 a	particular	 level	 of	 that	 factor.	Alternatively,	 the	 effect	 of	 these	
factors may be taken into account in the analysis stage of the study through 
the use of multivariate modeling. However, case-control and cohort studies have 
limitations that also need to be considered when evaluating the evidence for diet–
disease relations. Case-control studies in nutritional epidemiology may be at a 
particular risk for recall bias. Diseased individuals associate their disease to an 
unhealthy diet and over-report consumption of foods considered unhealthy, 
whereas disease-free individuals may not have this selective recall of certain 
foods. Thus, recall bias may result in illusory associations between disease and 
dietary factors considered to be unhealthy [3]. In addition, like in other nondiet 
applications, case-control studies are subject to selection bias which results from 
inappropriate enrollment of control individuals. Typically control individuals 
should represent the population from which the diseased individuals arose and 
their participation in the study should be unrelated to their level of exposure to 
the dietary factor considered. However, in practice investigators often include as 
controls individuals who have a different disease and make strong assumption 
that	this	disease	is	unrelated	to	the	dietary	factor	of	interest.	Even	when	individuals	
free of disease from the general population are invited to participate, problems 
may arise. Participation rates for epidemiologic studies are often low, and because 
diet is particularly associated to health consciousness, the diet of those who 
decide to participate may be very different from those who do not. There is 
mounting evidence that case-control studies, even when consistent throughout 
different populations, may be biased.

Prospective cohort studies may avoid both recall and selection bias because diet 
is assessed before the diagnosis of disease and even if few individuals decide to 
participate from the eligibility pool, this low participation rate will not distort 
observed associations as long as the enrolled persons are not lost to follow-up. For 
this reason, evidence from prospective cohort studies is considered to be stronger 
than that from case-control studies. However, prospective cohorts are limited for 
one strong logistical reason: a large number of people need to be enrolled over a 
relatively long period of follow-up in order to accrue sufficient cases. Thus, in 
instances where a rare disease is under study there will never be sufficient cases to 
conduct analyses of diet when the true effect is relatively small.
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The strongest evidence for establishing causal relations in epidemiology comes 
from double-blind randomized trials; the primary advantage being that randomiza-
tion and assignment to an exposure by the investigator results in equal distribution 
of factors that may distort the observed relation. With the exception of studies on 
dietary supplements, randomized experiments of diet are problematic. Individuals 
who enroll must change their diet substantially and follow a dietary regime for 
several years. Only recently a large randomized experiment in women aimed at 
reducing fat consumption [4] showed the difficulty in maintaining the intervention 
in women who had consumed a high fat diet most of their life, making results 
difficult to interpret [5]. Specifically, in this large trial, there was no difference in 
plasma HDL cholesterol levels between the groups assigned to low fat or usual 
diets, despite abundant information from controlled feeding trials and other studies 
showing that reducing the percentage of calories from fat decreases HDL levels.

Diet Assessment Methods

In addition to the methodological concerns related to study design, the main hurdle 
in nutritional epidemiology is the accurate measurement of diet. In epidemiologic 
settings, measurement of diet has taken two general paths: assessment by structured 
questionnaire or interview or measurement by biochemical methods. Today, the 
food-frequency questionnaire (FFQ) is the primary method for measuring diet in 
nutritional	epidemiology	research.	As	compared	to	other	methods	like	short-term	
recall (i.e., 24-h recalls) and diet records, the FFQ focuses on intake over a long 
period of time, which is the relevant exposure period for chronic disease etiology, 
rather than in a few specific days. The FFQ has two components: a food list, 
typically comprising 50–200 food items, and a frequency response section that 
requests information on the average frequency of intake over the last year (typically 
in nine or ten categories, ranging from never to 6 or more times a day). Food intake 
is then transformed to nutrients using a food composition database. The FFQ 
captures food preferences and average frequencies of consumption reasonably 
well; however, because it has a restricted list of food items it may miss important 
foods that were consumed, resulting in error in nutrient calculations. Further error 
in classification of nutrient intakes may occur if the nutrient content of a particular 
nutrient in food varies substantially. Thus, it is essential to evaluate the performance 
of a questionnaire in terms of reproducibility and validity to determine the impact of 
these sources of error.

The reproducibility of FFQs is often assessed by repeating the same question-
naire at 2 time points within a realistic period of time, typically 1–4 years. To assess 
the validity of FFQs, most studies compare the FFQ with a series of 24-h recalls or 
dietary records, or with biomarkers for specific nutrients. One early study evaluating 
the reproducibility and validity of a FFQ administered the questionnaire twice to 
173 women 1 year apart [6]. Within that year, participants also completed four 
1-week dietary records. When evaluating the reproducibility, the correlation 
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coefficients for nutrients assessed 1 year apart using the FFQs ranged between 
0.49	and	0.71.	After	adjustment	for	energy,	a	comparison	between	the	second	FFQ	
and the average of the dietary records showed correlation coefficients ranging from 
0.36	for	vitamin	A	without	supplements	to	0.75	for	vitamin	C.	Correlation	coeffi-
cients for carbohydrate, protein, and fat intake were within this range. Plasma levels 
of folate and an N-3 fatty acid in subcutaneous adipose tissue have been used to 
validate	dietary	folate	and	N-3	fatty	acid	intake	from	the	FFQ.	Adjusted	correlation	
coefficients were 0.63 for folate and 0.47 for the N-3 fatty acid [7, 8].	An	extensive	
literature has developed on the validation of FFQs, which have become more 
detailed and extensive [9].	Using	the	average	of	 three	such	questionnaires	over	a	
period years, the correlations with dietary intakes can be as high as 0.8 or 0.9, as 
found for total and saturated fat. Taken together, these results show that the ques-
tionnaire provides useful information about intake of major nutrients and is a 
practical option for dietary assessment that is easy for individuals to complete, as 
well as being simple and inexpensive to process.

Biochemical indicators of dietary intake in blood or urine seem at first glance 
particularly attractive for their objectiveness as compared to dietary questionnaires. 
However, these measures are subject to the same problems of measurement error 
bias due to confounding factors as questionnaires, and careful consideration needs 
to be given regarding their use for particular applications. First, it is important to 
know the degree to which the marker is sensitive to dietary intake. Certain measur-
able markers in blood or urine may be strongly affected by factors other than diet 
like genetics or homeostatic mechanisms, so that large changes in diet are necessary 
to produce any effect. Serum sodium provides an extreme example; the levels can 
be measured precisely, but are not informative regarding dietary intake. Serum 
cholesterol levels are also largely determined by factors other than dietary intake. 
The second consideration is whether the measure provides an indication of time-
integrated intake. Similar to the FFQ, the conceptually important exposure is long 
term rather than a few hours, the previous meal, or a couple of days. The third 
consideration to be made is that blood levels of a biochemical indicator may be 
affected by other factors and that adjustment for these may improve the estimation 
of dietary intake. The last, but important consideration is the laboratory error in 
measuring the biochemical parameter. However, as compared to other applications, 
in epidemiological research consistency in the laboratory is more important than 
accuracy on an absolute scale.

Biochemical measurements of nutrients are particularly important when a specific 
nutrient is poorly measured by other methods due to large within-food variation 
in nutrient content. However, similar to FFQs, it is essential to evaluate the sensitivity 
of a particular nutrient biomarker to intake of that nutrient and the validity of this 
measure as an indicator of long-term intake. One important strategy to evaluate 
biomarkers is repeating measurements of the biomarker among the same group of 
people on more than one occasion to assess the indicator’s stability over time, 
usually over an interval of several months to several years. If the correlation is high, 
and the biomarker has been shown to be responsive to intake, the biomarker may 
be a well-integrated measure of long-term intake.
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Assessment of Nitrate and Nitrite Intake

Nitrite and nitrite oxide are biologically active compounds involved in vasodilatation, 
inhibition of endothelial inflammation, and platelet aggregation. Nitrates and nitrites 
in diet can serve as substrate for a stepwise reduction of nitrate to nitrite to  nitric 
oxide and are the relevant compounds for nutritional epidemiology. However, as com-
pared to other nutrients, quantifying nitrate and nitrite intake is challenging. The 
major sources of nitrate exposure are foods and drinking water. Large within-food 
variation of nitrates and nitrites and large geographical and seasonal differences in 
nitrate content in drinking water complicate accurate estimation of exposure [10]. 
Assessment	methods	for	the	two	major	sources	of	intake	are	different.	Assessment	
of exposure to nitrates and nitrites from food relies for the most part on 24-h recalls 
and FFQs; while drinking water nitrate exposure assessment is based on environ-
mental epidemiologic methods that often rely on drinking water quality registries.

The validity of nutrient intake assessment using 24-h recalls, dietary records, or 
FFQs relies on the availability of an accurate nutrient content database. Most epi-
demiologic	studies	rely	on	food	composition	values	from	the	U.S.	Department	of	
Agriculture’s	National	Nutrient	Database.	Currently,	there	is	no	standard	database	
for the nitrate and nitrite content of foods. There have been some efforts to develop 
food databases [11, 12]. However, most investigators use ad hoc databases based on 
publications judged to be most relevant for a particular population and on drinking 
water quality registries [13–16]. In general, the main sources of nitrate intake are 
green leafy vegetables, while for nitrite intake the major sources are processed meats 
to which nitrite is added as a preservative [10]. Relying on literature-based nutrient 
content database, in the Nurses’ Health Study (NHS) a prospective cohort of 78,191 
women and in similar study, the Health Professional’s Health Study, among 31,537 
men the main contributors of nitrate intake were lettuce, spinach, celery, and 
broccoli (Table 6.1). Nitrate and nitrite values can vary substantially within foods. 

Table 6.1 Percent contribution of different foods to nitrate intake from a 
food-frequency questionnaire in two large epidemiologic studies

Nurses’ Health Study Health Professionals’ Health Study

Food % contribution Food % contribution

Iceberg lettuce 28.2 Iceberg lettuce 27.8
Romaine lettuce 26.1 Romaine lettuce 22.4
Cooked spinach 6.1 Cooked spinach 6.5
Celery 5.5 Broccoli 5.2
Broccoli 5.1 Celery 4.6
Potatoes 3.1 Kale 3.2
Raw spinach 2.1 Potatoes 3.0
Tomato sauce 2.0 Raw spinach 2.5
Kale 1.9 Tomato sauce 2.3
String beans 1.7 Cabbage 1.6

Based on 2002 nitrate estimates for both cohorts



916	 Nutritional	Epidemiology	of	Nitrogen	Oxides:	What	do	the	Numbers	Mean?

The level of nitrate intake from vegetables depends importantly on soil quality, 
nitrate content of the fertilizer used, nitrate level on the water supply, and storage 
and transport practices [10]. Variation in nitrite depends on meat processing prac-
tices. Nitrate content of spinach collected from three different markets varied from 
71 to 387 mg/100 g [17]. Comparing estimated nitrate and nitrite content in foods 
from	a	convenience	 sample	 in	 the	United	States	 [10] to a recent literature-based 
nutrient content database showed dramatic differences [11]. Measured nitrate in 
spinach was 741 mg/100 g while the nutrient database estimated 210 mg/100 g. For 
broccoli, the convenience sample estimated 39.5 mg/100 g of nitrate and the 
database reported 34.2 mg/100 g. Laboratory analysis of nitrites in bacon showed 
0.38 mg/100 g, while the database reported 2.91 mg/100 g. Similarly, for hot dog 
the nitrite estimates varied substantially: measured nitrite was 0.05 mg/100 g and 
literature estimated nitrite 2.7 mg/100 g.

The great variability in nitrate and nitrite contents of foods highlights the value 
of identifying valid and practical blood or urine biomarkers and of validating 
questionnaire-based assessments of nitrate and nitrite intake. There are several 
factors that make the estimation of nitrate and nitrite exposure in vivo challenging. 
Serum and urinary nitrate levels are affected by dietary nitrate intake and from 
endogenous nitric oxide production [18]; however, nitrate and nitrite have short 
half-lives: 5–8 h for nitrate and 1–5 min for nitrite [19]. In addition, other factors 
like exercise have been shown to affect circulating nitrite and nitric oxide levels  
[20]. Thus, plasma and urinary nitrate and nitrite may not accurately reflect long-
term exposure, and measured levels may be affected by other factors that need to 
be taken into account in any analysis. One strategy is assessing overnight nitrate 
and nitrite metabolite excretion in urine. However, this measurement may still not 
be reflective of long-term exposure and its logistical difficulty limits its applicabil-
ity	in	large-scale	population	studies.	A	recent	pilot	study	that	evaluated	the	feasibil-
ity of using plasma nitrate and nitrite in epidemiologic studies found this composite 
biomarker to be stable and the within-person variability was modest but comparable 
to commonly used biomarkers (personal communication Tianying Wu).

Repeated measurements of urine nitrate may be useful to account for within-
person variation and have been used to evaluate the validity of nitrate intake assessed 
by FFQ [21]. This type of validation study was conducted among 59 individuals who 
responded to a FFQ; the correlation between estimated intake and nitrate excretion 
was estimated. The crude correlation was 0.20, but after correction for within-
person variation and adjustment for sex, gender, and body mass intake the correla-
tion coefficient was 0.59. Thus, FFQ assessment of nitrate intake may provide useful 
information on usual nitrate intake [21]. This study also suggests that the within-
food variation in nitrate content is not so large as to preclude useful assessment of 
intake by dietary questionnaires. This is possible if the average nitrate content of 
a food does not vary substantially among individuals. For example, even though 
the nitrate content of spinach may vary from sample to sample, over a year the 
average nitrate content of spinach consumed by one person may not be substantially 
different from the average nitrate content of spinach consumed by other persons. 
Because spinach consumption does vary greatly among individuals, it can be 
possible to distinguish among persons according to their nitrate intake.
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Nitrate and nitrite are widely distributed in fruits, vegetables, and processed 
meats and drinking water, however, evaluating exposure to these substances is 
challenging. Their wide distribution in the food and water supply makes clinical 
studies of endogenous nitrogen oxides difficult as designing nitrate-free diets is 
complex.	 Also,	 estimates	 of	 dietary	 and	 drinking	 water	 nitrate	 and	 nitrites	 are	
subject to important measurement error that may complicate the interpretation of 
epidemiological studies. However, the report by van den Brandt et al. does suggest 
that assessment of nitrate intake in epidemiologic studies is feasible. In the context 
of extensive measurement error that is independent of the outcome, the absence of 
an association should be interpreted with caution.

Nitrate and Nitrite Intake and Cancer

Nitrate and nitrite intake and their relation to cancer, and more specifically gastric 
and other gastrointestinal cancers, have been extensively studied [22]. Interest in 
nitrates and nitrites as risk factors for cancer stems from the generation of N-nitroso 
compounds, potential carcinogens, from nitrites (inorganic nitrates are not subject 
to nitrosation rxns) in the stomach [23]. For gastric cancer, data are still inconclu-
sive as very few prospective cohorts have evaluated this relation and results from 
these studies show no association [24]. More recently, prospective studies have also 
evaluated relations with glioma, bladder cancer, and thyroid cancer, but results are 
still preliminary and inconclusive [25–27]. The World Cancer Research Fund’s 
(WCFR)	 report	 on	 Nutrition,	 Physical	 Activity	 and	 Prevention	 of	 Cancer	 did	
evaluate nitrate and nitrite intake; however, data were too limited to allow conclu-
sions. Nevertheless, the report suggests that they may be potential carcinogens 
“under conditions that promote nitrosation” [28].	 A	 more	 recent	 International	
Agency	for	Research	in	Cancer	monograph	concluded	that,	based	on	the	association	
with gastric cancer, there was limited evidence of carcinogenicity of nitrites in food 
and inadequate evidence for dietary nitrates [29]. Nevertheless, as mentioned earlier, 
the epidemiologic evidence supporting these reports is based on nitrate and nitrite 
assessments with potential important measurement error.
An	additional	approach	to	evaluate	these	relations	is	to	determine	associations	

between the main food sources of nitrates and nitrites. The WCFR report concluded 
that the evidence from epidemiologic studies that vegetables or foods protect 
against cancer was not as impressive as originally thought [28]; the initial sugges-
tions of benefit came mainly from case-control studies, and these had generally 
not been supported by prospective cohort studies. Green leafy vegetables, the major 
source of dietary nitrates, were independently evaluated for several cancers. 
Evidence	from	cohort	studies	showed	a	slightly	reduced	risk	of	lung	cancer	when	
comparing high to low intake groups (meta-analysis RR = 0.91 (95% CI 0.89–0.93) 
per serving/day). One important consideration when analyzing dietary data is that, 
as compared to other exposures, nutrients are not consumed independently because 
many different nutrients are found in the same food. Thus, it may be difficult to 
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separate the effects of nutrients that are highly correlated. Table 6.2 shows the 
correlation coefficients of nitrates with other nutrients in two large prospective 
studies of women and men. Nitrate intake is highly correlated with intake of folate, 
which is considered to have anticarcinogenic effects [30], so it is possible that this 
and other nutrients may explain the observed inverse relation with lung cancer. The 
WCRF report concluded there is convincing evidence that processed meat, to which 
nitrite is added, increases the risk of colorectal cancer, as well as red meat where no 
nitrite is added (red meat meta-analysis RR = 1.29 (95% CI 1.04–1.60) per 100 g/day; 
processed meat meta-analysis RR = 1.21 (95% CI 1.04–1.42) per 50 g/day) [28]. 
There are several proposed mechanisms for these robust associations: formation of 
N-nitroso compounds through exposure to nitrites, which are added as preservatives; 
accumulation of heme iron free iron that can lead to production of free radicals; and 
exposure to heterocyclic amines and polycyclic aromatic hydrocarbons produced 
during cooking.

Nitrate and Nitrite Intake and Cardiovascular Disease

Organic nitrates at pharmacologic doses have been used as vasodilators for a long 
time. Inorganic salts of nitrate have been used for centuries to preserve food. More 
recently, data supporting the vasoprotective, blood-pressure lowering and anti-
platelet aggregation effects of low-dose dietary nitrate intake have emerged [31–33]. 
To date there is no epidemiologic evidence relating nitrate and nitrite intake  
and cardiovascular outcomes such as coronary heart disease (CHD) and stroke. 
Never theless, intake of fruits and vegetables, green leafy vegetables, red and 
processed meats, and cardiovascular disease have been extensively studied.
A	 meta-analysis	 of	 nine	 cohort	 studies	 found	 a	 significant	 inverse	 relation	

between fruits and vegetables intake and CHD: the risk decreased by 4% (RR 0.96 
(95% CI 0.93–0.99)) for every additional serving [34]. One of the studies included 
in the meta-analysis, the NHS with 14 years of follow-up and repeated dietary 
measures reported the same lower 4% risk of CHD for one daily serving increase 

Table 6.2 Correlation coefficient between dietary nitrate and other nutrients 
from two large epidemiologic studies

Nutrient Nurses’ Health Study
Health Professional’s 
Health Study

Carbohydrates -0.01 0.04
Saturated fat -0.20 -0.20
Protein 0.18 0.20
Animal	protein 0.12 0.08
Fiber 0.45 0.43
Vitamin C 0.20 0.19
Beta-carotene 0.66 0.60
Folate 0.64 0.63

Based on the 2002 diet from both cohorts. Nutrients were log transformed 
and energy adjusted
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in fruit and vegetable intake and observed a significant 22% lower risk of CHD for 
an increase of one serving a day of green leafy vegetables [35]. For stroke, a meta-
analysis of seven prospective cohorts observed an inverse relation that was similar 
in magnitude to CHD (RR = 0.95 (95% CI 0.92–0.97) for an increase in one serving 
per day) [36] and the NHS reported a significant 21% lower risk of stroke for an 
increase in one daily serving of green leafy vegetables [37].

Processed meats are the main contributors of nitrite intake (fresh red meat has 
little or no residual nitrite). However, a recent meta-analysis found a significant 
direct association with CHD for processed meat (RR = 1.42 (95% CI 1.07–1.89)) 
but not for red (unprocessed) meat (RR = 1.00 (95% CI 0.81–1.23)), although the 
data for unprocessed meats were extremely limited [38]. No significant association 
for processed and unprocessed meats and stroke was observed. In the largest 
prospective study included in the meta-analysis, with 322,263 men and 223 390 
women, a direct association for processed meats was observed [39]. There was a 
9% increase in CHD risk comparing extreme quintiles in men (RR = 1.09 (95% CI, 
1.03–1.15)), and a 38% increase in women (RR = 1.38 (95% CI, 1.26–1.51)). The 
increased risks with processed meats may be due in part to the content of preser-
vatives in these foods, however, a significant association was also observed for red 
meat to which no preservatives are added (RR = 1.27 (95% CI, 1.20–1.35) in men 
and RR = 1.50 (95% CI, 1.37–1.65) in women).

Conclusion

Elucidating	the	relationship	between	nitrate	and	nitrite	intake	and	different	health	
outcomes is of great importance because intakes of these molecules may be ame-
nable to intervention. When evaluating the evidence to establish these relationships 
it is important to take into account both the strengths and limitations of individual 
studies with respect to the design, validity of the dietary assessment of nitrates and 
nitrites, adjustment for other dietary and nondietary factors that may account for 
the observed relation, and the distinction of different sources of nitrates and nitrites. 
In one validation study using urinary nitrate excretion as the gold standard, there 
did appear to be sufficient validity of nitrate intake assessed by FFQ to be useful 
for	 evaluating	 hypotheses	 in	 epidemiologic	 studies.	 Evaluating	 foods	 and	 food	
groups that are main contributors to intakes of nitrate and nitrite in relation to health 
outcomes may be helpful in the absence of a standard nitrate and nitrite content 
database and wide within-food variability. However, the intake of a particular food 
of food group may be closely correlated to intake of other foods or health-related 
behaviors. Therefore, care should be taken in the interpretation of results.

To date, the epidemiologic evidence for the relation between dietary nitrate 
and nitrite and cancer is weak. However, the evidence for the relation between red and 
processed meat and colorectal cancer is robust. There is no direct epidemiologic 
evidence of the relation between nitrite and nitrate and cardiovascular disease. 
The inverse association with green leafy vegetables, the main source of nitrates, and 
the observed direct relation with processed meats, the main contributors on nitrites, 
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is perplexing as experimental evidence on nitrate and nitrite intake would predict 
otherwise. It is possible that the risks associated with meat intake may be related to 
sodium and other compounds that may be altered or added during processing or 
cooking. Future studies, should more thoroughly investigate nitrate and nitrite 
intake from both vegetable and meat sources.
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Key points

The endothelial nitric oxide synthase (eNOS) pathway is highly modulated by •	
nutrition.
Dietary choices and interventions may modulate endothelial function.•	
The Mediterranean diet enhances endothelial vasodilator function and reduces •	
major adverse cardiovascular events (MACE).
Increased dietary consumption of fish and other sources of omega-3 fatty •	
acids improve NO activity, and also reduce MACE in those with cardiovas-
cular disease.
A number of nutritional supplements may improve endothelial function by •	
reducing oxidative stress, by restoring elements of the NOS pathway, or 
by ameliorating insulin resistance, hypertension, or hyperlipidemia; however, 
their long-term effects on MACE are unknown.
Some dietary supplements known to enhance the NOS pathway and improve •	
endothelial vasodilator function in humans (Vitamin E, the B vitamins, and 
l-arginine) were ineffective at reducing MACE in large randomized clinical 
trials.
Thus, dietary interventions that improve endothelial vasodilator function in the •	
short term might not necessarily have long-term benefit.
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Vascular Homeostasis and Its Modulation by the Diet

In this chapter, we review the effect of nutritional interventions on vascular 
homeostasis. We focus on the effect of diet and dietary supplements on endothelial 
vasodilator function, and in particular, the activity and expression of endothelial 
nitric oxide synthase (eNOS). Endothelium-derived nitric oxide (NO) is a 
powerful regulator of vascular homeostasis. By virtue of its ability to activate 
soluble guanylyl cyclase and increase intracellular cyclic GMP, NO relaxes the under-
lying vascular smooth muscle to improve vascular compliance and to reduce 
vascular resistance. In addition, endothelium-derived NO inhibits platelet adhesion 
and aggregation, suppresses leukocyte adhesion and vascular inflammation, and 
limits	the	proliferation	of	the	underlying	vascular	smooth	muscle	cells.	Furthermore,	
NO is mitogenic for endothelial cells and increases the regeneration of the endothe-
lial monolayer. In large conduit vessels such as the coronary artery, NO plays a 
critical role in defending against vascular inflammation and lesion formation.

Diet has a profound and immediate impact upon the bioactivity of NO generated 
by the endothelium. Chronic nutritional interventions, by modulating the expression 
and activity of NOS, can dramatically affect vascular homeostasis. This knowledge 
may be useful to the clinician in management of patients with or at risk of cardio-
vascular disease. We begin by considering the points along the NOS pathway that 
are most susceptible to modification by diet.

Regulation of the NOS Pathway

eNOS metabolizes l-arginine to NO and l-citrulline	 (Fig.	7.1). Endothelial shear 
stress, as well as a variety of humoral or paracrine factors such as acetylcholine, 
adenosine diphosphate, thrombin, and vasopressin, is known to induce vasodilation, 
secondary to phosphorylation and activation of eNOS [1, 2]. A major cause of 
endothelial vasodilator dysfunction is impairment of this pathway. The ability of 
the endothelium to respond to shear stress or other stimuli, and to induce relaxation 
of the underlying vascular smooth muscle, is impaired in older individuals [3–5] and 
those with diabetes, hypertension, hypercholesterolemia, or tobacco exposure [6, 7].

An impairment of endothelial NOS not only reduces the ability of a blood vessel 
to relax, but also broadly disrupts vascular homeostasis. In addition to relaxing 
vascular smooth muscle, NO is a potent inhibitor of platelet adhesion and aggrega-
tion [8, 9]. In addition, NO suppresses vascular inflammation by reducing the 
expression of leukocyte adhesion molecules and inflammatory cytokines [10–13]. 
Consistent with these observations, in animal models, enhancement of NO 
synthesis (as with l-arginine administration or overexpression of eNOS protein) 
reduces the progression of atherosclerosis and myointimal hyperplasia [14–16]. 
The importance of NO in vascular homeostasis is supported by a large number of 
studies revealing that an impairment of endothelial vasodilator function is an 
independent risk factor for cardiovascular morbidity and mortality [17–19].
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A number of conditions associated with cardiovascular disease are also known 
to	 impair	 the	 NOS	 pathway.	 For	 example,	 diabetes	 mellitus	 is	 associated	 with	
mitochondrial dysfunction and oxidative stress [20] that can accelerate the degrada-
tion of NO [21].	Furthermore,	diabetes	mellitus	favors	the	production	of	advanced	
glycosylation end products (AGEs) which can also disrupt eNOS activation, as with 
formation of N-acetylglucosamine (OGlcNAc) adducts with serine phosphorylation 
sites on eNOS [22, 23]. Aging also impairs the NOS pathway and increases the risk 
for major adverse cardiovascular events (MACE). Aging alters the phosphorylation 
and activation of eNOS in experimental animals [24]. Dyslipidemia is another 
major cause of endothelial vasodilator function. Hypercholesterolemia enhances 
the inhibitory interaction of caveolin-1 with eNOS; an effect that can be reversed 
by diet and exercise [25].

Components of Nutrition and Endothelial Function

As	can	be	seen	in	Fig.	7.1, there are multiple dietary interventions that theoretically 
may	enhance	 the	 function	of	 the	NOS	pathway.	Firstly,	 one	might	 utilize	dietary	
interventions to treat the cardiovascular risk factors that are known to impair the 
NOS pathway. Evidence indicates that optimal management of diabetes mellitus, 
hypertension, hypercholesterolemia, and hyperhomocysteinemia may improve 
endothelial vasodilator function [26–28].	Furthermore,	it	is	possible	that	one	might	
supplement	portions	of	the	pathway	that	are	impaired.	For	example,	one	might	provide	
exogenous dietary arginine to reverse the effects of asymmetric dimethylarginine 

 

 

 

  

 

 

 

 

 

  

 

Fig. 7.1 The potential dietary interventions that may enhance the function of the nitric oxide 
synthase (NOS) pathway
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(ADMA; see below) or provide antioxidant vitamins to reduce the oxidative 
degradation of NO and/or the impairment of dimethylarginine dimethylaminohy-
drolase (DDAH). In what follows, we review the effect of components of the diet on 
endothelial function, and the evidence that dietary interventions might favorably 
influence endothelial vasodilator function.

Lipids

Saturated and trans-fatty acids. Evidence suggests that increased intake of 
saturated or trans-fatty acids impair endothelial vasodilator function within hours 
of	the	meal.	For	example,	Plotnick	et	al.	[29] showed that a single high-fat meal 
could impair endothelium-dependent vasodilation in human subjects, an effect 
that could be prevented by simultaneous consumption of antioxidant vitamins. 
Antioxidant vitamins may act to keep NOS cofactors such as tetrahydrobiopterin 
(BH4) from becoming oxidized, thereby increasing l-arginine conversion to NO; 
they may protect NO from oxidative degradation once produced and/or prevent 
oxidative impairment of DDAH, which is exquisitely oxidant sensitive [7]. 
Evidence	for	the	latter	comes	from	Fard	et	al.	[30] who discovered that ADMA 
increases in the blood after eating a high-fat meal.

Evidence suggests that consumption of saturated fat may reduce cell membrane 
fluidity, vascular compliance, and the ability of the endothelium to respond 
appropriately to shear stress [31]. In addition, dietary saturated fat contributes to 
dyslipidemia [32], which can impair endothelial function [6]. Trans-fatty acids 
(e.g., partially hydrogenated vegetable oil) are found in processed foods, such as 
pretzels and potato chips. Trans-fatty acids also raise LDL cholesterol and impair 
endothelial vasodilator function [33, 34]. In a study conducted in the Netherlands, 
researchers found that men who consumed the most trans-fatty acids (6.4% of total 
calories) had twice the risk of developing heart disease than those who consumed 
the least amounts (2.4%) [35].

Mono and Polyunsaturated Fats

As a general rule, the amount of saturated fat in a plant-based diet tends to be lower 
than	that	in	a	diet	rich	in	animal	proteins.	Furthermore,	vegetables,	nuts,	and	plant	
oils, such as olive or canola oil, are a source of monounsaturated fats (e.g., omega-9s 
or oleic acid). Monounsaturated fats reduce LDL cholesterol in the blood and have 
no effect on HDL cholesterol [33, 34]. In this regard, the Adventist Health study 
found that greater consumption of nuts reduces the risk of cardiovascular morbidity 
and mortality [36], possibly related to the monounsaturated fats in nuts.
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Polyunsaturated fats include the omega-3 and omega-6 fatty acids. Both omega-3 
and omega-6 fatty acids are considered essential fatty acids. Omega-6 fatty acids 
(linoleic acid) are polyunsaturated fats that are found in vegetable oils, and favor-
ably influence the lipid profile. The marine omega-3 fatty acids, found in the oils 
of fish, seem to be vasoprotective. In 1980, Bang and Dyerberg reported that 
Greenland Eskimos have lower cardiovascular morbidity despite a high fat diet that 
includes whale blubber [37]. It is likely that the resistance of Eskimos to cardiovas-
cular events is due to the high intake of marine lipids. About 40% of the fatty acids 
in fish are omega-3 polyunsaturated fatty acids (specifically eicosapentanoic acid 
(EPA) and docosohexanoic acid (DHA)). These fatty acids enhance membrane 
fluidity and vascular compliance [38].	 Furthermore,	 omega-3s	 also	 improve	
endothelial function. They enhance the production of NO [39]. In addition, they 
substitute for arachidonic acid in the synthesis of an active form of prostacyclin 
(PGI3) and an inactive form of thromboxane (TxA3), thus improving blood vessel 
relaxation [40]. Accordingly, fish oil supplementation improves endothelium-
dependent relaxation in patients with atherosclerosis [41].	 Fish	with	 the	 highest	
content of omega-3 tend to be fatty, cold-water fish such as mackerel, salmon, and 
trout (Table 7.1). Although the primary dietary source of omega-3 is from fish, 
some plants are also rich in omega-3 including flaxseed (about 50% of its oil is 
linolenic acid), some nuts, and dark leafy vegetables.

Protein

In general, vegetable protein (e.g., soy and beans) has greater cardiovascular benefit 
than animal protein, partly because vegetable protein contains little saturated fat. 
Furthermore,	vegetable	protein	contains	less	methionine,	which	may	be	converted	
to	 homocysteine.	 Finally,	 vegetable	 proteins	 also	 have	 more	 phytonutrients	 and	
fiber than animal sources. These differences in the compositions of animal versus 
vegetable protein may explain the observation that oxidative stress in the blood 
goes up after eating a high-fat meal containing animal protein, while it goes down 
after a plant-based meal [42].

A complete protein source is a food that contains all nine essential amino acids 
in quantities that are similar to those needed by the body. Animal protein is gener-
ally complete. Proteins from plants are usually incomplete, with the exception of 
soy protein [43]. By combining them in a meal, vegetable proteins can become a 
complete source of the essential amino acids, e.g., beans and rice. Nonessential 
amino acids are those that can be synthesized endogenously. However in times of 
physiological stress, intense exercise, or trauma, some of these may become 
“conditionally” essential. We have suggested that l-arginine may be conditionally 
essential in patients with elevated levels of plasma ADMA (see section “Arginine”). 
In these subjects, we have shown that l-arginine supplementation may improve 
endothelium-dependent vasodilation, at least transiently [44].
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Foods g/100 g

Mackerel 5.3
Herring 3.1
Salmon 2.0
Trout 1.6
Sardine, canned in oil 1.3
Halibut 0.9
Swordfish 0.8
Surimi 0.6
Shrimp 0.5
Catfish 0.4a

Fast	food	fish	sandwich 0.4a

Fish	sticks 0.4
Crab 0.3
Cod 0.3
Clams 0.3
Plaice 0.2
Haddock 0.2
Flounder 0.2
Tuna, canned in oil 0.2
Pike, northern 0.1
Flaxseed 22.8
Walnuts, English 6.8
Soybeans, roasted 1.5
Wheat germ 0.7
Beans, dry 0.6
Almonds 0.4
Avocado 0.1
a However, in these products, the fat is oxidized by frying 
so that there is minimal or no “good” fat
Sources: http://www.nal.usda.gov/fnic/foodcomp/Data/
index.html

Table 7.1 Omega-3 content of foods (g/100 g of food)

Carbohydrates

Fruits	and	vegetables	are	the	best	source	of	carbohydrates	because,	in	addition	to	
fiber, they are also loaded with micronutrients (such as Vitamins C and E, and 
b-carotene), enzyme cofactors (such as B

6
, B

12
, and folate), and minerals (such as 

potassium, zinc, and magnesium). By consuming at least seven servings of fruit and 
vegetables daily, most people can obtain adequate amounts of the majority of these 
micronutrients and vitamins.

The nutrient value of fresh fruits, nuts, vegetables, beans, and whole grains is 
generally higher than refined or commercially prepared food. This is because most 
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of	the	micronutrients	and	fiber	are	lost	in	the	refining	process.	For	example,	when	
wheat is refined, the bran (or outer shell) of the grain is removed. In an epidemio-
logical study of about 34,000 Norwegians, those who ate the highest amounts of 
whole grains had a 23% reduction in cardiovascular mortality compared to those 
who ate less or no whole grains [45, 46].
Fiber	is	found	only	in	plants.	There	are	two	different	types	of	fiber:	soluble	and	

insoluble. Certain grains and plants, such as beans, legumes, and fruits, contain 
soluble fiber such as pectin and psyllium. Soluble fiber lowers blood cholesterol 
levels [47], thereby improving endothelial vasodilator function. Insoluble fiber is 
found in whole wheat goods, seeds, nuts, wheat bran, and the skin of fruits and 
vegetables. Insoluble fiber does not affect cholesterol levels but may help in weight 
management as it increases intestinal transit time.

Phytonutrients have antioxidant capacity, including carotenes (Vitamin A or 
b-carotene), tocopherols (Vitamin E compounds), and ascorbate (Vitamin C and 
polyphenols).	 Fruits	 and	 vegetables	 contain	 over	 4,000	 polyphenols	 which	may	
have	 cardiovascular	 benefit.	 Polyphenols	 are	 often	 lost	 in	 processed	 foods.	 For	
example, the peel of many fruits may be enriched in polyphenols in comparison to 
the pulp (the peel also contains more fiber).

The most common groups of plant antioxidants are the flavonoids and the 
carotenoids. Plant flavonoids (e.g., from green tea or grapes) have been shown to 
reduce oxidation of LDL cholesterol, inhibit platelet aggregation, suppress inflam-
mation, and enhance endothelium-dependent vasodilation [48, 49]. Chocolate 
contains polyphenols similar to those in tea, fruits, and vegetables. These antioxidants 
reduce the oxidation of cholesterol and protect and/or increase the production of 
NO [50]. However, because most sources of chocolate are high in calories and 
saturated fat, as well as the caffeine analog theobromine, moderation is advisable.

The French Paradox

How	 is	 it	 that	 the	French	eat	 large	amounts	of	 fatty	 foods,	yet	purportedly	have	
fewer heart attacks than other Europeans? A possible factor could be the moderate 
consumption of red wine, which contains the antioxidant flavonoids, resveratrol 
and quercetin. One glass of red wine has the same antioxidant effect as 500 mg of 
Vitamin C and can blunt the adverse effect of a high-fat meal on the endothelium [51]. 
Fitzgerald	et	al.	found	that	red	wine	(as	opposed	to	white)	relaxes	vascular	rings	
in vitro, an effect related to antioxidant activity in the skin of the grape (red wine 
is incubated with the skin of the grape, as opposed to most white wines). Teetotalers 
may take comfort in the observation that purple grape juice also improves the ability 
of the blood vessels to relax in people with impaired endothelial function [48].

That being said, several large population studies have suggested that any form 
of alcohol, when consumed in moderation, reduces the risk of cardiovascular 
events [52]. Moderate alcohol consumption may increase HDL cholesterol and 
have antiplatelet and anti-inflammatory effects [53, 54]. Epidemiological studies 
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suggest that people with diabetes who consume one drink daily may have as much 
as an 80% reduction in risk of MACE by comparison to those who do not drink [55]. 
However, more than two or three drinks daily predisposes to hypertension, atrial 
arrhythmias, and cardiomyopathy.

The Western Diet and Endothelial Dysfunction

A single meal high in saturated fat transiently impairs endothelial vasodilator 
function [56]. The typical western diet is high in saturated fat and is associated with 
dyslipidemia and insulin resistance, each of which conditions are associated 
with impaired endothelial vasodilator function and elevated levels of ADMA 
[6, 30, 57, 58]. Even in young children with hypercholesterolemia, elevated 
ADMA and endothelial vasodilator dysfunction is observed [59]. In these meta-
bolic disorders, endothelial vasodilator dysfunction is due in part to increased 
vascular oxidative stress, as an oral dose of Vitamin C can improve flow-mediated 
vasodilation [60, 61].

A diet high in animal protein and low in fruits and vegetables may provide insuf-
ficient dietary levels of B vitamins, namely, folate, B

6
, and B

12
. This relative vitamin B 

deficiency may cause hyperhomocysteinemia, which is further exacerbated by the 
higher levels of methionine in animal protein. Within hours, oral administration of 
methionine increases plasma homocysteine, with a temporally related increase in 
plasma ADMA and a decline in endothelial vasodilator function [62]. Homocysteine 
impairs the activity of DDAH [63] which may account for the correlation of 
plasma ADMA and homocysteine levels [62].

The Mediterranean Diet

The Lyon Diet Heart Study compared a Mediterranean-style diet to the standard 
low-fat diet recommended by the American Heart Association (AHA) at that time. 
The Lyon study was terminated after 27 months because of a marked (70%) reduc-
tion in MACE by comparison to the AHA diet. In a follow-up study, those assigned 
to the Mediterranean diet enjoyed a 50% reduction in risk of myocardial infarction. 
The Mediterranean diet of the Lyon Diet Heart Study consisted of less saturated 
fats, cholesterol and linoleic acid, and more oleic and a-linolenic acid [64]. The 
diet included more whole grain bread, more root and green vegetables, more fish 
and less red meat, more fruit, and replacement of butter and cream with canola or 
olive oil. The most notable distinction between the diets was the higher amount of 
polyunsaturated oils, namely, omega-3 fatty acid. This is significant in view of the 
prior Diet and Reinfarction Trial (DART). The DART study enrolled men who had 
sustained a myocardial infarction [65]. Those subjects that were instructed to 
increase their fish consumption enjoyed a 29% decline in all-cause mortality. 
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The benefit of the Mediterranean diet may be due in part to its effect to enhance 
endothelial function [66–68]. Emerging data also seem to suggest the benefits of a 
Mediterranean diet may be due to higher levels of nitrite and nitrate [69, 70].

The DASH Diet

The DASH (Dietary Approaches to Stop Hypertension) study indicated that diet 
may be as effective as any single antihypertensive agent in reducing blood pressure 
[71, 72]. This effect may be partly due to the high levels of nitrate consumed through 
such a diet [70, 73]. The DASH diet was enriched with vegetables, fruits, and low-fat 
dairy products, and was low in both fat and saturated fat. In a follow-up study, the 
diet also included techniques to reduce sodium intake (the use of spices, herbs, and 
fruit juices to season food; rinsing canned vegetables to remove excess salt; limiting 
cured meats and vegetables in brine solutions; and avoidance of canned ready-to-eat 
foods like soup). The findings of the DASH diet support the current AHA recom-
mendations for at least seven servings of vegetables and fruit daily.

High Protein Diets

These diets (e.g., Atkins, Zone, and Stillman diets) are characterized by increased 
percentage of the diet as protein (30–60%) and fat (30–65%) with reductions in 
the percentage of diet as carbohydrate (5–40%). Some recent data suggest that high 
protein diets are somewhat more efficacious in reducing weight [74], but there is no 
evidence that they improve endothelial vasodilator function or reduce MACE. 
Because these diets are high in animal protein, they may theoretically impair endo-
thelial function. Notably, epidemiological studies indicate that those subjects who 
consume more red meat are twice as likely to have a heart attack or stroke [75, 76].

Ultra-Low Fat Diets

Diets such as the Ornish or Kurzweil diets demand a reduction in fat to 10% of total 
calories. Ornish et al. have investigated the effects of a regimen that includes a 
vegetarian diet with less than 10% of calories from fat and minimal amounts of 
saturated fat (the “Reversal Diet”), together with moderate exercise, daily use of 
stress management techniques, group support and counseling, and a smoking 
cessation program. This program has been documented to reduce the progression 
of coronary artery disease [77]. However, potentially adverse effects of an ultra-low 
fat diet include a reduction in HDL cholesterol, as well as an increase in triglycer-
ides and insulin resistance [78]. Nevertheless, for individuals with coronary artery 
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disease and high LDL cholesterol, particular those that do not have low HDL 
cholesterol and high triglycerides, ultra-low fat vegetarian diets may be a reason-
able alternative to the Mediterranean diet.

Dietary Supplements

About 40% of all Americans use some form of dietary supplement, such as vitamins 
and botanicals [79]. Dietary supplements are regulated by the Dietary Supplement 
Health and Education Act (DSHEA). However, evidence-based medicine is not 
required	for	the	marketing	of	dietary	supplements.	Furthermore,	quality	control	for	
dietary	 supplements	 is	 not	 as	 rigorous	 as	 that	 for	 drugs.	 For	 example,	when	 the	
Good Housekeeping Institute analyzed six popular brands of St. John’s Wort 
supplement, they found an almost 20-fold difference in supplement potency [80]. 
Accordingly, although some supplements described below have strong scientific 
evidence to support their utility in some indications, there may be heterogeneity in 
products within a particular class.

Omega-3 Fatty Acids

The omega-3 fatty acids DHA and EPA improve endothelial vasodilator function, 
perhaps due to their favorable effects on the lipid profile [81–84]. These agents also 
reduce oxidative stress and have anti-inflammatory effects [85–88].	Finally,	there	
are data indicating that omega-3 fatty acids reduce myocardial dysrhythmia 
[89–92]. In the GISSI study, patients with cardiovascular disease that were given 
supplements of fish oil (1 g twice daily) were less likely to experience sudden 
death [93].

Supplemental DHA and EPA enhance the flow-induced vasodilation of forearm 
in healthy individuals [94], as well as hypercholesterolemic subjects [38, 95]. 
In diabetic patients, blood flow response to acetylcholine and NO release is 
enhanced after postprandial omega-3 fatty acid supplement [96].	Fish	oil	supple-
ment increases endothelium-dependent vasodilation in patients with coronary 
artery disease [41, 97, 98]. Long-term consumption of fish or omega-3 fatty acids 
also lowers the blood pressure, lowers the incidence of coronary heart disease, 
preserves renal function, and reduces mortality [98, 99]. On the other hand, recent 
clinical trials do not indicate evidence of a strong protective effect of intake of 
omega-3 fatty acids from fish oil against ventricular arrhythmia in patients with 
implantable cardioverter-defibrillators [100, 101].

Unfortunately, unprocessed fish oil may contain traces of heavy metals 
(cadmium, copper, iron, magnesium, and lead) and/or pesticides [102–104]. 
Commercial processing of fish oil removes contaminants, but also removes 
natural antioxidants. Most commercial suppliers add antioxidants back to the fish 
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oil, but this does not ensure stability. To avoid the problems with commercial 
processing of fish oils, some manufacturers are now obtaining EPA and DHA 
from algae [105, 106].

B Vitamins

Vitamin B
3
 (Niacin).	Food	sources	of	vitamin	B

3
 include peanuts, brewer’s yeast, 

fish, and meat, and (to a lesser extent) whole grains. Supplemental niacin in high 
doses (100–2,000 mg/day) can favorably alter the lipid profile, and thereby improve 
endothelium-dependent vasodilation [107].	 Furthermore,	 evidence	 suggests	 that	
high-dose niacin can reduce the progression of atherosclerosis [108] and reduce 
MACE [109]. Niacin improves endothelial dysfunction in patients with coronary 
artery disease [110]. Niacin may inhibit vascular inflammation and protect against 
endothelial dysfunction independent of changes in plasma lipid levels [111]. 
However, even in amounts as low as 50–100 mg, individuals may experience 
flushing or headache. Higher doses (over 500 mg daily) of niacin should be taken 
only under the direct supervision of a physician, because of the concern for hepatic 
dysfunction or hyperuricemia.

Vitamins B
6
, B

12
, and folate. Supplementation with these B vitamins reduces 

homocysteine levels. In addition, low levels of the NOS cofactor tetrahydro-
biopterin can be restored with B vitamins, in particular folate [112, 113]. The 
results of the Nurses’ Health Study indicated that women who consume more  
B vitamins (either from food or vitamins) have half the risk of heart disease. 
However, large randomized clinical trials of B vitamins, to reduce plasma levels of 
homocysteine and thereby reduce MACE, have been disappointing [114, 115].

Antioxidants

Vitamins C and E. Oxidative stress plays a role in endothelial vasodilator dysfunc-
tion and in the initiation and progression of atherosclerosis. In experimental athero-
sclerosis, the endothelium produces excessive amounts of superoxide anion 
[116, 117]. Subsequently, oxidant-sensitive transcriptional pathways are activated, 
such	as	NFkb-mediated activation of vascular cell adhesion molecule (VCAM-1) 
and monocyte chemoattractant peptide (MCP-1) [118]. Superoxide anion rapidly 
combines with NO to form peroxynitrite anion, which itself can interfere with cell 
signaling [119].

In preclinical studies, antioxidants enhanced NO bioactivity [120].	Furthermore,	
antioxidants preserve the activity of tetrahydropbiopterin [121], a necessary cofactor 
for NOS [122].	Finally,	we	have	shown	that	antioxidants	can	protect	 the	oxidant-
sensitive enzyme DDAH [63, 123], and thereby reduce the accumulation of ADMA 
and NG-methyl-l-arginine, the endogenous NOS inhibitors. Small clinical studies 
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indicate that administration of Vitamin E or C to patients with hypercholesterolemia 
or diabetes mellitus can restore endothelial vasodilator function [124–126]. 
Epidemiological studies have shown that individuals who are in the upper quintile 
of antioxidant vitamin consumption are significantly less likely to incur MACE 
[127, 128].

These observations led to large randomized clinical trials of antioxidant vitamin 
therapy to reduce cardiovascular events. The Cambridge Heart Antioxidant Study 
(CHAOS) studied approximately 2,000 people with evidence of atherosclerosis. 
Participants who took 400–800 IU of Vitamin E daily enjoyed a reduced risk of heart 
attack and death from heart disease. However, larger randomized clinical trials have 
been compellingly negative [129]. In particular, the Heart Outcomes Prevention 
Evaluation (HOPE) study followed 10,000 patients for about 4.5 years. Subjects at 
high risk for cardiovascular events received 400 IU of Vitamin E or placebo daily, in 
a latin square design with ramipril 5 mg or placebo. Whereas ramipril reduced 
MACE by about 25%, vitamin E was not superior to placebo [130–132].

Subsequently, it was suggested that a combination of antioxidants would be 
more effective than high doses of Vitamin E or C alone. However, Greg Brown and 
colleagues found that a combination of antioxidant vitamins (b-carotene 12.5 mg 
BID, vitamin C 500 mg BID, vitamin E 400 IU BID, and selenium 50 mg BID) 
blunt the beneficial effects of statins to increase HDL cholesterol and induce 
regression of coronary artery disease [133].	Furthermore,	the	SU.VI.MAX	Study	
(a primary prevention study in 13,000 subjects followed for over 7 years) showed 
no beneficial effect on MACE of combination antioxidant therapy that included 
Vitamin C and E, b-carotene, selenium, and zinc [134].	Furthermore,	in	a	sub-study	
of over 1,000 subjects over 50 years in age, there was no beneficial effect of on 
vascular compliance or intima-media thickness [135]. Of concern, there was an 
increase in the number of carotid plaques in the antioxidant-supplemented group. 
Finally,	there	are	some	reports	of	increased	bleeding	in	patients	taking	high	doses	
of antioxidant vitamins with antiplatelet therapy [136, 137]. In light of these studies 
and others showing no benefit of antioxidant vitamins [138–142], it seems best to 
obtain a variety of antioxidants through generous and frequent servings of fruit and 
vegetables, rather than supplemental vitamins.

A number of other antioxidants have been shown to improve endothelial vasodi-
lator function in human subjects, including coenzyme Q10, grape seed extract, 
and gingko biloba [143–145]. However, in view of the randomized clinical  
trials with antioxidant vitamins, the clinical relevance of these small clinical studies 
is questionable.

Soy Protein and Phytoestrogens

Epidemiological studies indicate that there is less prevalence of cardiovascular 
disease among individuals who consume more soy protein and other sources of 
phytoestrogens [146, 147]. This may be in part due to the effect of soy consumption 
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to reduce cholesterol levels [148, 149]. Soy phytoestrogens, also called isoflavones, 
such as genistein and daidzein have antioxidant and anti-inflammatory effects. 
Furthermore,	in	postmenopausal	women	with	high	cholesterol,	we	found	that	soy	
isoflavones (genistein, daidzein, and glycitein) 50 mg once daily improve vasodila-
tion, in the absence of an effect on the lipid profile [150]. However, enthusiasm for 
supplemental phytoestrogens should be muted in the absence of large randomized 
clinical	trials.	Furthermore,	caution	is	advisable	in	view	of	the	disappointing	results	
of estrogen supplementation in women with cardiovascular disease [151, 152]. 
Nevertheless, because it contains fiber and a complex assortment of phytonutrients, 
moderate consumption of soy (i.e., to substitute for red meat) seems reasonable.

l-Carnitine

There have been several small, randomized, placebo-controlled clinical trials of 
l-carnitine in cardiovascular disease that suggest it might be useful, in part due to 
its beneficial effect on endothelial function. In patients with symptomatic CAD, 
l-carnitine (2–6 g daily) reduces symptoms and increases exercise tolerance 
[153, 154]. In a 12-month study of 472 patients postmyocardial infarction, l-carnitine 
6 g daily reduced ventricular enlargement [155]. Propionyl l-carnitine may 
improve walking distance in patients with peripheral arterial disease (PAD) [156], 
an effect that is associated with increased serum levels of nitrogen oxides [157]. 
In healthy young adults, short-term administration of l-carnitine improved flow-
mediated dilation and inflammatory response to a high-fat meal [158].

Arginine

We observed that supplemental l-arginine could improve endothelium-dependent 
vasodilation in hypercholesterolemic animals and humans [159–161]. Because NO 
could also inhibit processes that are involved in atherosclerosis, such as platelet 
aggregation [8] and vascular inflammation [162, 163], we reasoned that dietary 
arginine might have an antiatherogenic effect. Indeed, was the case in the hyperc-
holesterolemic rabbit [14, 164]. Later, we showed that l-arginine supplementation 
could inhibit platelet aggregation and monocyte adhesion in hypercholesterolemic 
animals and humans [10, 165–168].

ADMA, the NOS antagonist. A likely explanation for the effect of supplemental 
l-arginine to enhance NO synthesis was provided by Vallance et al. [169], who 
demonstrated that endogenous methylarginines could antagonize the NOS pathway. 
The methylarginines include monomethylarginine (MMA), asymmetric dimethy-
larginine (ADMA), and symmetric dimethylarginine (SDMA), which are derived 
from the hydrolysis of proteins containing methylated arginine residues [170]. Both 
ADMA and MMA compete with l-arginine for binding to the NOS enzyme, 
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whereas SDMA does not. Their antagonism of NOS is reversed by increasing the 
concentration of l-arginine [171].

Whereas 20% of the clearance of these compounds is through renal excretion, 
about 80% is due to the action of the cytoplasmic enzyme DDAH [172, 173], 
expressed ubiquitously as two isoforms [174]. This enzyme is inhibited by oxidative 
stress, possibly because it expresses a sulfhydryl group in its catalytic site [175]. 
We find that the enzyme activity is impaired in hypercholesterolemia, diabetes 
mellitus, and hyperhomocysteinemia [123, 172, 176, 177]. In addition, ADMA is a 
predictor of the severity of vascular diseases and is an independent predictor of 
MACE and mortality [178–181].

Reversing the effects of ADMA with l-arginine supplementation. Short-term admin-
istration of l-arginine improves endothelial vasodilator function and relieves symp-
toms in patients with coronary artery disease and congestive heart failure [182–184]. 
In a large randomized clinical trial, 792 patients with acute myocardial infarction 
were randomized to oral l-arginine (3 g TID for 30 days) or placebo [185]. MACE 
were reduced by about 10% (p = 0.06).

However, in a subsequent study, patients with acute myocardial infarction were 
randomized to placebo or l-arginine supplementation for a longer term of therapy 
(6 months) following acute myocardial infarction. This trial was terminated early 
by the data and safety monitoring board when eight deaths occurred in the arginine-
treated group [186].

We studied the potential benefit of l-arginine supplementation (3 g/day) versus 
placebo on endothelial vasodilator function and functional capacity in 220 patients 
with PAD [187]. After 6 months, those patients in the supplemented group had 
higher plasma l-arginine levels. However, measures of NO availability (including 
flow-mediated vasodilation, vascular compliance, plasma and urinary nitrogen 
oxides, and plasma citrulline formation) were reduced or not improved compared 
with	 placebo.	 Furthermore,	 the	 improvement	 in	 absolute	 claudication	 distance	
was significantly less in the arginine-treated group (28% vs. 12%; p <0.05). Thus, 
in patients with PAD, long-term administration of l-arginine does not appear to 
be useful and may even induce a form of “arginine tolerance” or dysfunction of 
the NOS pathway.

Dietary Supplements and Interventions that Improve 
Cardiovascular Risk Factors

Hypolipidemic agents. By improving cardiovascular risk factors, some nutritional 
supplements may improve endothelial function. These include plant-based products 
containing sterols [188]. Phytosterols include sitosterol and campesterol which 
differ structurally from cholesterol by a methyl or ethyl group in their side chains. 
These structural differences cause them to be poorly absorbed. They associate with 
cholesterol and bile salts to increase cholesterol excretion. Clinical trials of medical 
foods that are enriched in plant sterols indicate they can reduce LDL cholesterol 
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levels 10–20% [189, 190]. However, these products could reduce the absorption of 
fat-soluble vitamins. Accordingly, their use should probably be reserved for hyper-
cholesterolemic adults in the secondary prevention of vascular events.

Red yeast rice contains HMG coA reductase inhibitors. In a small clinical trial, red 
yeast rice (2.4 g daily) for 8 weeks reduced total cholesterol by 17% [191]. However, 
like all dietary supplements, there is heterogeneity in product quality. A UCLA 
study showed that only one of nine red yeast rice supplements in health food stores 
contained all the monacolins that lower cholesterol [192]. Seven of nine brands 
contained a small amount of a toxic by-product of the fermentation process. Red 
yeast rice should not be combined with erythromycin, other statin drugs, fibrates, or 
high-dose niacin, except under medical supervision, as serious side effects (such as 
myositis	or	hepatic	dysfunction)	are	theoretically	possible.	Currently,	the	FDA	has	
imposed a ban on red yeast rice products in the United States.

There are a number of other dietary supplements that appear to improve the lipid 
profile and that may therefore enhance endothelial vasodilator function (Table 7.2). 
These include alliin (a component of garlic), guggulsterone, and policosanol 
[193–196]. It is most important to understand that the level of evidence for any of 
these	dietary	supplements	is	weak	in	comparison	to	FDA-approved	hypolipidemic	
drugs. Large randomized clinical trials for primary and secondary prevention strongly 
support	the	use	of	FDA-approved	cholesterol-lowering	drugs	such	as	statins	[197].

For controlling blood sugar or blood pressure: Chromium has been theorized to enhance 
the action of insulin [198]. Severe chromium deficiency, as has been seen during 
total parenteral nutrition, is associated with elevated glucose, insulin, and lipid levels as 
well as CNS disturbance and peripheral neuropathy [199]. Milder chromium deficiency 
may be a cause of insulin resistance [200]. However, the results of randomized clinical 
trials have been mixed [201, 202]. Another supplement proposed to be useful in diabe-
tes mellitus is a-lipoic acid, which in one clinical trial reduced the symptoms secondary 
to diabetic neuropathy [203]. Lipoic acid may also improve endothelial function and 
reduce markers of inflammation in the metabolic syndrome [204].

Table 7.2 Dietary supplements that might mitigate disorders associated with cardiovascular 
disease and might enhance endothelial function

Agents which may improve the lipid profile
Red yeast rice Garlic (alliin)
Guggulsterone Phytosterol (sitosterol, campesterol, 

stigmasterol)
Policosanol Omega-3 fatty acid
Vitamin B

3
Soy protein (phytoestrogen)

Agents which may be useful in diabetes mellitus
Chromium a-Lipoic acid
Agents which may reduce blood pressure
Dietary salt substitutes (potassium, magnesium, and lysine)
Garlic

In general, large randomized clinical trials are not available to support these dietary interventions
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Dietary salt substitutes (e.g., the combination of potassium, magnesium, and 
lysine) can reduce blood pressure by substituting for sodium chloride [205]. The 
use of these agents in hypertensive individuals should be under medical supervision 
of physician, particularly so if the individual is taking medication that can reduce 
potassium excretion (i.e., aldactone, angiotensin converting enzyme inhibitors, 
angiotensin receptor antagonists). In addition to its hypolipidemic effect, garlic 
preparations also have a mild antihypertensive effect [206], possibly due to 
enhancement of the NOS pathway [207].

Conclusion

There are a wide variety of dietary interventions and supplements that can 
improve the function of the NOS pathway. However, dietary supplements 
that improve human endothelial function in the short term do not necessarily 
have long-term benefit on vascular function and cardiovascular events. Indeed, 
some of these supplements may even have adverse effects when used long term. 
Furthermore,	dietary	supplements	may	have	adverse	interactions	with	pharmaco-
therapies (e.g., reports of increased bleeding in patients taking aspirin and fish oil 
supplementation; salt substitutes and ACEIs causing hyperkalemia). In addition, 
dietary supplements are often of heterogeneous quality. Accordingly, before 
enthusiastic adoption of a particular dietary supplement, the cautious physician 
will demand evidence for efficacy and safety from large randomized clinical 
trials, and will recommend supplements distributed by brand name vendors. With 
respect to various diets, the informed physician will recommend the Mediterranean 
diet for individuals with or at risk of cardiovascular disease, as this diet has the 
strongest support for a regimen that enhances endothelial vasodilator function 
and reduces cardiovascular events. The collective body of information provided 
in the coming chapters suggests that nitrite and nitrate content of certain foods in 
combination with antioxidants and systems promoting their reduction back to NO 
may need to be considered as other dietary factors of potential benefit.
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Key points

Coronary heart disease and acute myocardial infarction remain the leading •	
causes of death worldwide.
Diet compositions have gained much attention in prevention from chronic car-•	
diovascular diseases.
Flavonoids – found in high concentration in green tea, red wine and cocoa – are •	
naturally occurring polyphenols.
Improvement of diseases leading to arteriosclerosis (diabetes, hypertension) has •	
been demonstrated in several randomized clinical trials under treatment with 
flavonoids.
Cytoprotection by flavonoids has been largely related to modulation of nitric •	
oxide bioavailability.
Experimental evidence also suggests that flavonoids can alleviate myocardial •	
damage in acute events, e.g., an acute myocardial infarction.
Randomized clinical trials investigating the role of dietary interventions with •	
flavonoids in acute myocardial infarctions have yet to be conducted.
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Introduction

The definition of a “healthy” diet composition has gained much attention in the 
prevention and treatment of chronic cardiovascular, malignant, and infectious 
 diseases. Initial experimental data also suggest that certain nutrition components 
can exert protection in acute disease events, e.g., during an acute myocardial infarc-
tion, the leading cause of death worldwide; however, the exact composition of a 
“protective” diet and the mechanisms of protection remain unclear. Both European 
and United States government authorities have issued recommendations for daily 
nutrients that rely on vegetables and fruits to a very large extent. This is certainly 
due to their low amount of calories and high content of fiber. However, plant-
derived foods may also contain high amounts of naturally occurring chemicals 
called polyphenols in addition to their nitrite and nitrate content. Among all poly-
phenols, the flavonoid sub-group has been avidly investigated in intervention trials, 
which demonstrated that the intake of high amounts of flavonoids is inversely 
related to endothelial dysfunction [1–5]. Endothelial dysfunction, an early stage of 
atherosclerosis and cardiovascular diseases, has been linked to impaired endothelium-
derived nitric oxide (NO) bioavailability [6]. There is accumulating evidence 
that plant-derived flavonoids can reverse endothelial dysfunction by modula-
tion of NO activity. This chapter focuses on the possible role of flavonoids as a 
dietary approach to prevent the onset and progression of chronic cardiovascular 
diseases, and to protect myocardium during acute events such as acute coronary 
syndromes.

Endothelial Dysfunction, Atherosclerosis and Myocardial 
Infarction: Role of NO

Protection via dietary flavonoids has been largely related to an improvement of NO 
bioavailability. An imbalanced NO homeostasis, in turn, is a key element in the 
development of chronic cardiovascular diseases. Additionally, experimental data 
suggest an important role for NO in protection from myocardial damage during 
acute cardiovascular events (e.g., an acute myocardial infarction).

NO in Chronic Cardiovascular Diseases

Endothelial dysfunction precedes chronic cardiovascular disease and is caused by 
several risk factors, including aging, hypercholesterolemia, hypertension, diabetes 
mellitus, smoking, obesity, chronic systemic inflammation, hyperhomocysteinemia, 
and a family history of premature atherosclerosis. An intact endothelium, however, 
is required for the maintenance of vascular tone and architecture, blood fluidity, 
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and antithrombotic protection. NO signaling plays a major role in maintaining 
these functions by regulation of vascular tone and smooth muscle cell proliferation, 
white blood cell adhesion, and platelet function.

Endothelial NO synthases (eNOS) produce NO from the amino acid l-arginine 
and several co-factors [7]. Disturbance in the NOS-dependent NO pathway is a key 
element in the development of endothelial dysfunction, which leads to the onset and 
progression of atherosclerosis. In endothelial dysfunction, reduced NO bioavail-
ability is caused by an inhibition of eNOS function rather than by lower eNOS 
protein expression [8]. One of the events leading to altered eNOS activity has been 
related to decreased levels of the cofactor, (6R)-5,6,7,8-tetrahydro-l-biopterin, and 
has been termed “eNOS uncoupling” [9]. Under these pathological conditions, 
eNOS produces potentially harmful reactive oxygen species (ROS, e.g., superox-
ide) rather than NO. The extent of endothelial dysfunction relates to the risk of 
patients for developing chronic cardiovascular diseases and acute ischemic events, 
e.g., myocardial infarction and stroke.

Another key element in the maintenance of endothelial function is endothelial 
progenitor cells (EPCs, also referred to as circulating angiogenic cells). EPCs par-
ticipate in the repair of vessel injury and neo-vascularization [10–12]. NO modu-
lates the recruitment of EPCs, and balanced NO homeostasis is, therefore, required 
for appropriate interaction between resident endothelial cells and circulating EPCs. 
Imbalanced NO levels may thus contribute to impaired vascular regenerative pro-
cesses, for example, in patients with chronic ischemic heart disease [1, 13].

NO produced from eNOS can react with hemoglobin in the circulation to 
undergo oxidation to nitrate. Owing to the immense concentrations of hemoglo-
bin in blood, signaling by NO has therefore been considered to occur only at the 
site of NO production. Indeed, evidence suggests that free hemoglobin is an 
effective NO scavenger that can attenuate NO bioavailability and NO-related 
cardiovascular functions; in patients with end-stage renal disease, impaired vas-
cular function occurs, in part, due to hemodialysis-related release of free hemo-
globin into the circulation [14]. Thus, the question of how NO bioavailability is 
preserved throughout the cardiovascular system is an important one for vascular 
homeostasis. In vivo, several biochemical mechanisms exist, allowing NO to be 
transported as NO itself, to react with plasma compounds to form nitrosospecies, 
and to be oxidized to bioactive nitrite [15–18]. Like endocrine hormones, these 
mechanisms ensure NO bioavailability and signaling throughout the body. Thus, 
the complexity of the circulating NO pool opens new, considerable pharmaco-
logical and therapeutical possibilities in the diagnosis and therapy of cardiovas-
cular diseases.

In order to detect endothelial (dys)function and to evaluate the impact of dietary 
interventions on NO-mediated vascular functions, several invasive and noninvasive 
techniques have been utilized. The measurement of the so-called flow-mediated 
dilation (FMD) has been used in numerous interventional trials to assess endothe-
lial function. In FMD the relative diameter change (in percent) of the brachial artery 
from pre-ischemia (baseline) to reactive hyperemia is measured via high-resolution 
ultrasound. Ischemia is induced via inflation of a blood pressure cuff around the 
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forearm, distal to the part of the artery assessed by ultrasound. During the ischemic 
period, the forearm vasculature vasodilates, and the final pressure release from the 
cuff consequently leads to increased flow in the conduit brachial artery. This is 
accompanied by an enhanced vessel wall shear stress, which stimulates eNOS to 
produce NO, which in turn causes vascular smooth muscle relaxation and accom-
panying arterial dilation. FMD is, therefore, generally regarded to be the gold 
standard in the characterization of endothelial function in vivo. Notably, the extent 
of endothelial function detected via FMD also correlates with the function in the 
coronary conduit arteries.

NO in Acute Cardiovascular Events

Acute myocardial infarction caused by rupture of an atherosclerotic plaque and 
subsequent occlusion of a large coronary artery by thrombus is the leading cause of 
death worldwide. Upon the onset of an acute myocardial infarction, the immediate 
and successful recanalization of the occluded coronary artery is the optimal therapy, 
which leads to an infarct size reduction and improves the prognosis of the patient. 
The process of restoring blood flow to the ischemic myocardium, however, can 
induce injury itself. This phenomenon, termed ischemia/reperfusion (I/R) injury, 
reduces the beneficial effects of myocardial reperfusion [19]. Apart from acute 
impairment of left ventricular (LV) function, large myocardial infarctions lead to a 
pathologic remodeling of the LV, limiting prognosis.

Four phenomena, namely, myocardial stunning, the no-reflow phenomenon, 
arrhythmias, and lethal reperfusion injury, contribute to the extent and impact of the 
ultimate myocardial I/R injury [20–25]. The key mediators of these patho-biological 
mechanisms are ROS, deranged calcium levels (Ca2+), pH, the mitochondrial 
permeability transition pore (mPTP), metabolic changes, and the immune responses. 
For a full summary on the mechanisms of myocardial I/R injury, the reader is 
referred to relevant, recent reviews [20, 26, 27].

As demonstrated in numerous experimental studies, myocardial I/R injury can 
be modulated. Two of the most powerful protective mechanisms in this context are 
ischemic preconditioning (IPC) and ischemic postconditioning (PostC), which are 
capable of reducing final infarct size by ~30–60% of the myocardium at risk [26–
28]. However, although numerous animal model-based studies showed much-
reduced I/R injury, the respective translational clinical trials failed to demonstrate 
the same benefit in humans. Several of these experimental studies point to a protec-
tive role of the NO pool during myocardial I/R [29–32]. Administration of nitrite 
in an attempt to modulate I/R injury leads to an elevation of the circulating NO pool 
and exerts protective tissue effects in a mouse model of I/R injury in vivo [29, 31, 
33]. The protective effects derive from a hemeprotein-dependent reduction of nitrite 
to NO, as demonstrated in mice without myoglobin [31]; NO derived from nitrite 
reduction via cardiac myoglobin reversibly modulates mitochondrial electron trans-
port, thus decreasing reperfusion-derived oxidative stress and inhibiting cellular 
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apoptosis leading to a smaller final infarct size. Notably, translational approaches 
to test nitrite for its clinical relevance in patients are still under investigation.

In summary, disturbed NO homeostasis is a hallmark of the development of 
chronic cardiovascular disease, and plays a key role in acute ischemic events, such 
as an acute myocardial infarction. However, the involvement of NO in all of the 
mechanisms described above also points to the possibility of therapeutic interven-
tions that modulate NO bioavailability, e.g., through diets enriched with 
flavonoids.

Biochemistry of Flavonoids

Flavonoids represent a sub-class of polyphenols, which are widely distributed in plants 
[34]. They are synthesized as micronutrients in the secondary metabolism of plants to 
protect against microbes, fungi, and insects, or to serve as pigments [35]. The term, 
“flavonoid,” has been used to describe a group of compounds that can be divided into 
six sub-classes (Fig. 8.1). More precisely, flavonoids are ketone-containing 
compounds (flavanols, flavones, and isoflavones), whereas non-ketone polyphenols 
are referred to as flavanoids (e.g., flavan-3-ols) [36]. All compounds are formed in a 
metabolic pathway through a series of enzymatic modifications yielding numerous end 

Fig. 8.1 Biochemistry of flavonoids. Metabolic processes in plants form flavonoid compounds 
that are classified into six groups according to their chemical structures
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products. Key dietary products with high flavonoid content are green tea, red wine and 
products made from cocoa beans. The latter contains relatively high amounts of 
flavan-3-ols also known as flavanols [37]. Flavanols (e.g., catechin or (−)-epicatechin) 
or their oligomers, the so-called proanthocyanidines, are among the best-characterized 
substances in the field of micronutrients. As certain foods rich in flavonoids may 
contribute to cardiovascular health and protect from the onset of diseases, specific 
dietary recommendations are under intensive debate. Several steps will have to be taken 
before official guidelines can be issued. In a first step, certain foods will have to be 
evaluated in terms of their precise flavonoid content and the average population-based 
consumption. Environmental changes, as well as nutrition processing, may also influ-
ence total flavonoid levels. Moreover, methods for the determination of polyphenolic 
contents are avidly discussed currently, as recent studies have yielded divergent results. 
The US Department of Agriculture has, however, published a database with flavonoid 
contents of selected foods. On the basis of these data, the total actual daily intake of 
flavanols can be calculated. The next step for the development of recommendations is 
the assessment of flavonoid bio-metabolism. Despite their high concentrations in certain 
foods and beverages, several flavonoids show poor bioavailability due to chemical 
alterations in the digestive tract and liver metabolism. One example is the metabolism 
of catechin, which is already to large degree conducted in the small intestine [38, 39].

Flavonoids and Cardiovascular Diseases

Epidemiological data suggest an inverse relation between the intake of certain 
foods and beverages and the incidence of cardiovascular disease. Current literature 
databases account for more than 6,000 original publications and reviews examining 
this topic. In this context, epidemiological studies notoriously hold one major well-
known flaw: the lack of demonstration of a cause and effect relationship. Moreover, 
research involving dietary interventions has to be conducted in a multiple step 
approach. International authorities in this field have, therefore, established the 
“International Conference on Polyphenols and Health.” In its statutes criteria for 
both clinical trials and basic research with flavonoid intervention were defined in 
detail (for further information, please go to www.polyphenolsandhealth.org.uk/). 
Interventional trials are generally preferred; they need to be well controlled and 
conducted over a considerable length of time. Control substances should be well-
balanced as, e.g., cocoa-derived products have a distinct taste and contain numerous 
other ingredients (e.g., theobromine and caffeine) [2].

Several interventional studies have revealed acute and chronic improvements of 
vascular function as measured by FMD, circulating NO pool, and EPC mobilization 
after the ingestion of flavanol-rich foods or beverages, such as red wine [40], purple 
grape juice [41], tea [42], and cocoa-based products (Table 8.1) [1, 3–5, 43, 44]. 
Even in optimally treated type 2 diabetic patients, beneficial health effects of 
flavanol-rich cocoa could be detected [3]. The latter study also identified that 
effects exerted by flavanols cannot only be found following prolonged ingestion 
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(chronic FMD effects), as even an “acute-on-chronic” effect was described. The 
“positive” impact on FMD together with an enhanced circulating NO pool (nitroso 
species, nitrite) and a positive recruitment of EPCs provides strong evidence that 
the modulation of NO bioavailability is a key feature of diets rich in flavonoids.

Although the studies mentioned above have investigated the impact of a dietary 
intervention on chronic cardiovascular risk factors, the impact of flavonoids on 
acute ischemic events, such as I/R injury, can only be deduced from animal-model-
based studies to date. Can we, however, easily translate diet-based experimental 
studies and assume a similar benefit for the corresponding patient cohort? Given 
that mice and rats in comparison to humans show several physiological differences 
in terms of eating habits, nutrition, digestion, metabolism, and immune system, the 
existing studies have to be interpreted very carefully in this regard.

In order to interpret data from rodent models of I/R, interspecies differences 
between mice, rats, and humans in absorption, metabolism, plasma concentration, 
and tissues distribution must be considered. The interspecies differences in the 
metabolism of vitis vinifera (red wine) derived resveratrol may serve as an example: 
while humans metabolize resveratrol almost entirely into the glucuronidated form, 
the most abundant metabolite found in rat plasma is the sulfated form [45]. 
Resveratrol treatment has been shown to produce cardioprotection from lethal I/R 

Table 8.1 Human interventional trials with flavanoid-rich food

Human interventional trials

Disease Treatment Outcome References

Healthy volunteers Cocoa drink PAT↑ Fisher et al. [76]
Cocoa drink FMD↑ Heiss et al. [43]
Cocoa drink FMD↑ Schroeter et al. [44]
Chocolate FMD↑ Grassi et al. [77]
Chocolate FMD↑ Engler et al. [78]
Chocolate FMD↑ Vlachopoulos et al. [79]
Black tea FMD↑ Grassi et al. [80]
Red wine FMD↑ Agewall et al. [40]

Cardiovascular risk  
factors

Cocoa drink FMD↑ Heiss et al. [4, 5]
Chocolate/ 

cocoa drink
BP↓, FMD↑ Faridi et al. [81]

Coronary artery  
disease

Black tea FMD↑ Duffy et al. [42]

Grape juice FMD↑ Stein et al. [41]

Cocoa drink FMD↑, EPC↑ Heiss et al. [1]
Hypertension Chocolate BP↓ Taubert et al. [82]

Chocolate BP↓ Taubert et al. [83]
Chocolate BP↓, FMD↑ Grassi et al. [84]

Hypercholesterolemia Black tea FMD↑ Hodgson et al. [85]
Diabetes Cocoa drink FMD↑ Balzer et al. [3]

PAT peripheral arterial tone measurement; FMD flow-mediated dilation measurement; BP blood 
pressure; EPC endothelial progenitor cells (mobilization)
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injury in rats [46–50]; this benefit, however, may not be observed in humans owing 
to the differences in resveratrol metabolism pointed out above.

The studies on flavonoids and their role in protecting the myocardium in the 
event of I/R injury make use of a variety of different compounds that are found, 
e.g., in red wine, green tea, cocoa beans, and vegetables. Even synthetic flavanol-
based substances with questionable importance for dietary interventions were used 
in an attempt to modulate I/R injury induced by ROS [51, 52]. Notably, the food 
formulations used in the animal models were inconsistent; although some studies 
used the purified compound, others relied on extracts (green tea) or the whole fruit 
(flesh from grapes), the latter being closer to the flavonoids’ natural distribution 
and formulation. In summary, a total of about 60 experimental studies using fla-
vonoids to modulate I/R suggest that these compounds also exert protection in 
acute ischemic events, a hypothesis, which has yet to be proven in clinical 
 intervention trials.

Protection-Mechanisms of Dietary Flavonoids

The in vivo effects of flavonoids strongly depend on the substances’ pharmacody-
namic and pharmacokinetic properties. Although numerous intervention trials 
using FMD strongly suggest involvement of NO, the exact mechanisms of protec-
tion by dietary flavonoids are still elusive. One of the key questions remaining in 
this context is whether flavonoids improve the bioavailability of NO via increased 
production or via inhibition of the metabolic inactivation of NO.

Flavonoids and the Nitrate–Nitrite–NO Pathway

In a recent in vitro study in human coronary artery endothelial cells, Ramirez-
Sanchez et al. provided evidence that (−)-epicatechin, the most abundant flavonoid 
in cocoa, can activate eNOS together with the necessary involvement of phosphati-
dylinositol 3-kinase [53]. Additionally, Steffen et al. showed that the treatment of 
endothelial cells with (−)-epicatechin elevated intracellular levels of NO and cyclic 
guanosine monophosphate [54]. Further investigations revealed that (−)-epicatechin 
inhibited NADPH oxidase with a consequent reduction in superoxide anion produc-
tion, which is known to scavenge NO. The inhibition of the NADPH oxidase, thus, 
increases bioavailability of NO rather than affecting NO synthesis. These results 
may explain the acute effects on endothelial function 1–2 h after the intake of a 
single flavanol-containing drink [4]. Prolonged intervention with flavanol-enriched 
drinks resulted in an increase in baseline levels of FMD [43]. In contrast to the 
acute impact, which can be related to the inhibition of NO metabolism, the chronic 
effects may be due to an increase in endothelial NOS expression in the vascular 
endothelium. Balanced NO homeostasis is required for a proper interaction between 
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the endothelium and EPCs, which, in turn, participate in vascular regenerative 
processes. A very recent study in patients with coronary artery disease has shown 
that the treatment with flavanols over 30 days not only improves endothelial func-
tion as measured by FMD and the circulation NO pool [5, 15], but also significantly 
increased circulating EPC in these patients. The mobilization of EPC may serve as 
an additional explanation for the effects of a long-term dietary flavonoid intake on 
endothelial function and bio-repair.

The exact mechanisms of flavonoids on NO metabolism are currently unre-
solved, although, in light of the findings above, a strong interaction with eNOS 
activity can be assumed. Flavonoids might, however, interact with NO homeostasis 
in at least two other ways: (i) by increasing nitrite, which in turn exerts cytoprotec-
tion and (ii) by direct bioconversion of nitrite to NO. As stated above, clinical 
intervention strategies demonstrated an increase in nitrite following the consump-
tion of drinks enriched with flavanols [3, 5, 44]. Plasma nitrite either derives from 
nutritional sources or via endogenous decomposition of NO. It is no longer regarded 
to be an inert oxidative product. Experimental data suggest that nitrite exerts cyto-
protection in a wide variety of pathologies, first and foremost during I/R of the 
heart [29, 31]. These effects have been mainly related to nitrite bioconversion to 
NO. As they lead to increased nitrite levels, some of the protective effects from 
flavonoids may be related to this modulation in NO homeostasis. Nitrite reduction 
to bioactive NO can be mediated by deoxygenated hemoglobin [55] or myoglobin 
[32] in vivo. Notably, Gago et al. demonstrated that this might also occur directly 
via red wine polyphenols in the gut without the need of endogenous conversion 
mechanisms [56]. Following nitrite conversion, NO diffuses over the gut wall and 
induces muscle relaxation [57]. Taken together, the effects on the NO homeostasis 
maybe far reaching, ranging from increased NO production via eNOS and biocon-
version of increased levels of nitrite and a modulated NO decomposition.

Cellular Targets of Flavonoids in I/R

Although the effects on endothelial and chronic cardiovascular function are mainly 
related to improved NO bioavailability, the mechanisms of protection from I/R 
injury by flavonoids remain unresolved. The processes during I/R injury are struc-
turally complex and have been avidly investigated over the past two decades. As 
only a small number of studies on flavonoid protection from I/R injury have been 
published to date, a common mechanism or signaling cascade through flavonoid 
intervention remains unknown.

A considerable impact on oxidative stress is a common feature of most of the 
flavonoids in experimental trials on I/R injury. ROS formation during I/R may lead 
to cell damage, e.g., via interaction with lipids of the cell membrane. Possible direct 
ROS-reducing effects of flavonoids and especially flavanols have been discussed in 
detail, but the exact mechanisms remain unresolved. Likewise, the direct or indirect 
influence by dietary flavonoids on the formation of NO remains elusive. The tea 
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polyphenol, epigallocatechin-3-gallate, applied via perfusate in a Langendorff heart 
model in guinea pigs decreased oxygen radicals, which was paralleled by an 
increase of NO [58]. Interestingly, eNOS inhibition with l-NAME completely 
abolished the positive effects of this green tea-derived flavonoid [59]. However, 
in vivo effects after oral administration of the substance may be considerably dif-
ferent due to the intestinal metabolism of epigallocatechin-3-gallate to form chemi-
cally altered and then absorbed substances – a process absent when using 
Langendorff heart preparations. Decreased ROS levels were also detected for pro-
cyanidin [60], osjain, pomiferin [61], proanthocyanidine [62], anthocyanin [63], 
and (−)-epicatechin [64]. Soy-isoflavone is the only substance that does not exert 
an ROS-reducing effect on the myocardium [65]. Increased NO levels were also 
detected following an intervention with proanthocyanidine in cell cultures of car-
diomyocytes [66]. Controversial effects were published for quercetin and resvera-
trol. Rabbits treated with quercetin undergoing ischemia and reperfusion had less 
eNOS and inducible NOS mRNA and protein expression compared with control 
[67], while another group reported that cardioprotective effects by resveratrol were 
completely abolished in inducible NOS-deficient mice [68]. The metabolism of 
quercetin is complex. After oral intake of quercetin or quercetin glucosides, an 
extensive biotransformation takes place in the gut and small intestine before 
absorption of the active species. In the blood, orally ingested quercetin appears 
almost entirely in conjugated forms after phase-II metabolism [69]. These conju-
gates, and not purified and commercially available quercetin, may be responsible 
for its beneficial effects.

Only a few studies focussed on the molecular analysis of signaling proteins 
involved in I/R responses. Myocardial protection strategies induce a specific signal-
ing pathway that ultimately leads to an inhibition of mPTP opening. In this context, 
Akt plays a central role; it can phosphorylate a number of proteins, such as eNOS, 
GSK-3b, and Bcl-2, and modify their (enzymatic) activities [26]. Protection from 
I/R by NO is closely linked to the role of Akt. Inhibition of either Akt or NOS 
decreased NO levels and led to higher cell death in proanthocyanidine-treated car-
diomyocytes [66]. GSK-3b is phosphorylated by a number of proteins, including 
Akt or Erk. Phosphorylation of GSK-3b leads to its inactivation. High levels of 
phosphorylated GSK-3b appear to exert an anti-apoptotic effect [70]. Application 
of resveratrol led to an increase in phosphorylated GSK-3b. Notably, the soluble 
guanylyl cyclase inhibitor, 1-H [1,2,4] oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), 
completely abolished the effect indicating an important involvement of the NO 
pathway. In this study, increased levels of GSK-3b were also found in the mito-
chondria of isolated cardiomyocytes along with a decrease in mitochondrial swell-
ing. The authors deduced that, via phosphorylation of GSK-3b and its translocation, 
opening of mPTP is inhibited and cell damage decreased [71]. mPTP opening also 
induces Ca2+ overload, which was significantly decreased in epicatechin-3-gallate-
treated hearts [58]. Signaling in apoptosis partly depends on signaling proteins Bax 
and Bcl-2. Although increased levels of Bax induce cell death, high levels of Bcl-2 
appear to be anti-apoptotic [26]. Several authors have described an increase in 
Bcl-2 and a decrease in Bax and therefore anti-apoptotic effect for flavonoid-treated 
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hearts [50, 52, 72–74]. The role of the signaling protein JNK is controversial. It 
plays a key role in phosphorylating numerous other downstream mediators. 
Treatments with extracts containing proanthocyanidine do not only decrease ROS 
and apoptosis but also show decreased JNK and c-jun levels [75].

Conclusion

The cardiovascular effects of flavonoids have been extensively investigated over 
the past decades. Epidemiological data in concert with results from intervention 
trials suggest that flavonoids might contribute to the prevention of the onset and 
progression of chronic cardiovascular diseases largely via modulation of NO bio-
availability. Despite numerous trials showing beneficial effects for vascular func-
tion and cardiovascular risk factors, studies that examine primary clinical endpoints, 
such as survival or pain-free walking distance in peripheral arterial disease, have 
not been published to date.

Although a number of studies have examined their impact on chronic diseases, 
little is known about the effect of flavonoids on acute ischemic events, e.g., a myo-
cardial I/R injury. These effects must be deduced from studies in animal models. 
This leads quite readily to difficulties in the interpretation in terms of the relevance 
for clinical practice: (i) the respective studies were carried out in rodents with con-
siderably different metabolisms compared with humans; (ii) in most cases, they 
used purified compounds or even synthetic flavonoids; (iii) they lacked the proper 
balanced control substances, and (iv) they were conducted in some cases using 
isolated organ models, thus completely bypassing metabolism. Future animal stud-
ies with flavonoid intervention will, therefore, need to focus on the aspects of 
absorption/metabolism as necessary basis for translational studies in humans. In the 
past, many animal studies with substances tested positive for cardioprotection from 
I/R injury failed when translated into the clinical practice [20]. Nevertheless, the 
heterogeneous group of flavonoids has the capability to ameliorate myocardial I/R 
injury in animal-model-based experimental studies. If proven true in human stud-
ies, functional foods might serve as a powerful tool in primary and secondary car-
diovascular prevention.
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Key points

Breast milk is nature’s most perfect food with essential nutrients for the health •	
and development of babies.
Breast milk is enriched in both nitrite and nitrate and the ratio of these anions •	
change as the composition of milk changes.
Exposure rates of infants consuming colostrum from breast milk reach nearly •	
1 mg/kg which exceeds the ADI for nitrite by 14 times.
Breast milk contains higher concentrations of nitrite and nitrate than most com-•	
mercially available formulas.
The presence of nitrite and nitrate in breast milk suggests an essential physio-•	
logical function for the growth and development of the neonate.

Keywords Nursing	•	Infants	•	Formula	•	Health	disparity	•	Colostrum	•	Neonate

Introduction

Dietary sources of breast milk serve as primary sources of calories and nutrients in 
infants and children. Human breast milk is recommended as the exclusive food for 
the first 6 months of life, and continuing, along with safe, nutritious complementary 
foods, up through 2 years [1, 2]. Breast milk is nature’s most perfect food. In fact, 
the US Centers for Disease Controls in 2010 noted that breast milk is widely 
acknowledged as the most complete form of nutrition for infants, with a range of 
benefits for infants’ health, growth, immunity, and development.” Breast milk is a 
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unique nutritional source that cannot adequately be replaced by any other food, 
including infant formula. It remains superior to infant formula from the perspective 
of the overall health of both mother and child. Infants are fragile and susceptible to 
disease, partly because their immune system is not fully developed early on and 
they are dependent upon nutrients supplied by the nursing mother. They must be 
treated with special care and given adequate nourishment. Infant formulas have 
progressed over the years and are able to mimic a few of the nutritional components 
of breast milk, but the formulas cannot be hoped to duplicate the vast and con-
stantly changing array of essential nutrients and immunologic properties of human 
milk	 that	 vary	 over	 time.	 Furthermore,	 there	 may	 be	many	 nutrients	 present	 in	
human breast milk that are still unrecognized and, therefore, lacking in infant for-
mulas. Discovery of unrecognized nutrients may allow improvement in artificial 
formula developments and/or provide new insight into beneficial properties of cer-
tain molecules or nutrients. This chapter invokes a role for nitrite and nitrate as 
important nutrients in breast milk.

Human milk is known to confer significant nutritional and immunological ben-
efits for the infant [3–5]. According to the CDC National Immunization Survey in 
2006, 74% of infants were breastfed in the early postpartum period, 43% were at 
6 months, and 23% at 12 months of age. Among infants born in 2006, only 33 and 
14% were exclusively breastfed through 3 and 6 months of age, respectively (CDC 
[6]). These data also suggest that approximately 25% of breastfeeding infants will 
receive formula supplementation in the first 2 days of life. Nearly 38% of breast-
feeding infants have supplement by 3 months and 44.7% have formula supplement 
before 6 months. These data suggest that, in addition to breast milk, other forms of 
milk or complementary foods may be significant nutrient sources for infants. 
Therefore, it is critical to understand the potential dietary exposures to nitrate and 
nitrite from these milk sources to assess potential health benefits and risks associ-
ated with their consumption as well as to identify differences in these nutrients.

The relevance of dietary sources of nitrite and nitrate for human health is in its 
ascendancy. Historically, health risks due to nitrate in ground water have been asso-
ciated with a risk of methemoglobinemia (blue-baby syndrome) in children [7]. 
Infants less than 6 months of age may be exposed to excess nitrate in bacterially 
contaminated well water that reduces nitrate to nitrite [8]. Infants consuming excess 
nitrite experience blue baby syndrome due to nitrite-mediated oxidation of ferric 
(Fe2+) iron in oxyhemoglobin that leads to hypoxia and cyanosis and the resulting 
blue color [9, 10]. Under physiological conditions, methemoglobin reduction is 
accomplished primarily by red-cell-reduced nicotinamide adenine dinucleotide 
reductase so efficiently that there is <1% of methemoglobin in the circulating blood 
of healthy adults. Infants younger than 6 months old are particularly susceptible to 
nitrate-induced methemoglobinemia because of their low stomach acid production, 
large numbers of nitrate-reducing bacteria, the relatively easy oxidation of fetal 
hemoglobin, and immaturity of the methemoglobin reductase system [11, 12]. As 
such, an American Academy of Pediatrics (AAP) consensus panel concluded that 
all prenatal and well-infant visits should include questions about the home water 
supply; if the water source is a private well, the water should be tested for nitrate [7]. 
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The panel concluded that infants fed commercially prepared infant foods are generally 
not at risk of nitrate poisoning, but that home-prepared infant foods from vegetables 
(e.g., spinach, beets, green beans, squash, carrots) should be avoided until infants are 
3 months or older. Breastfed infants are not at risk of excessive nitrate exposure from 
mothers who ingest water with high nitrate content (up to 100 ppm nitrate nitrogen) 
as nitrate concentration is thought not to increase significantly in the breast milk 
under these circumstances [7].

It is noteworthy that the few human nitrate and nitrite exposure studies, including 
in children and adults, have not produced methemoglobinemia. Infants exposed to 
175–700 mg nitrate per day did not experience methemoglobin levels above 7.5%, 
suggesting that nitrate alone is not causative for methemoglobinemia [13]. A more 
recent randomized 3-way crossover study exposed healthy volunteer adults to  
single doses of sodium nitrite that ranged from 150–190 mg per volunteer to 290–380 mg 
per volunteer [14]. Observed methemoglobin concentrations were 12.2% for 
volunteers receiving the higher dose of nitrite and 4.5% for those receiving the 
lower dose. Recent nitrite infusion studies of up to 110 mg/kg/min for 5 min 
induced methemoglobin concentrations of only 3.2% in adults [15]. These data 
have led investigators to propose alternative explanations for the observed methe-
moglobinemia in infants, including gastroenteritis and associated iNOS-mediated 
production of NO induced by bacteria-contaminated water [16, 17]. Experts have 
questioned the veracity of the evidence supporting the hypothesis that nitrate and 
nitrite are toxic for healthy post-infant populations [9, 18, 19]. Although the previ-
ously held hypothesis of nitrite toxicity appears biologically plausible, conclusive 
scientific evidence supporting the hypothesis has not been documented [16, 17]. 
These findings highlight serious, but context-specific, risks associated with nitrite 
overexposure in infants. Potential health risks due to excessive nitrite and nitrate 
consumption in these specific population subgroups led to regulatory limits on 
permissible concentration of nitrate in drinking water (50 mg nitrate/L in the 
European Union, 44 mg/L in the United States) in accordance with World Health 
Organization (WHO) recommendations first established in 1970 and reaffirmed in 
2004 [20]. The US Environmental Protection Agency limits human exposure to 
inorganic nitrate to 0.10 mg/L (or 10 ppm nitrate nitrogen) and nitrite to 1 ppm 
nitrite nitrogen [21]. As a result, it is recommended that baby formulas and foods 
be made with nitrite- and nitrate-free water in order to reduce the risk of blue baby 
syndrome. However, there may be a low level of these anions that provide benefit 
to the infant without causing harm.

Breast Milk Confers Benefits to Infants Early in Life

What is indisputable is the established health benefits of breast milk. Human breast 
milk is the optimal source of infant nutrition and contains all the proteins, lipids, 
carbohydrates, and trace elements required for infant development [22]. The WHO 
recommends exclusive breastfeeding for the first 6 months of life and, thereafter, 
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the introduction of appropriate solid foods with continuation of breastfeeding 
through 2 years and beyond. The AAP recommends that mothers breastfeed for at 
least up to the first year of a child’s life and continue until they both feel they are 
ready to stop. In the first 6 months, the baby should be nourished exclusively by 
breast milk. The AAP asserts that breast milk has the perfect balance of nutrients 
for the infant. It has enough sustenance along with vitamin D supplementation 
approximately for the first 6 months of life and should follow as the child’s staple 
diet throughout the first year. Breast milk contains essential nutrients to foster 
growth and development and promote optimal health.

Studies have demonstrated a number of important health benefits to breastfeeding 
for both mother and infant. It provides a number of infant health advantages begin-
ning at birth and continuing throughout a child’s life. In fact, a large number of the 
health problems that today’s children face might be decreased, or even prevented, 
by breastfeeding the infant exclusively for at least the first 6 months of life. The 
longer the mother breastfeeds, the more likely her child will acquire the health 
benefits of breastfeeding. Human breast milk acts to develop the immune system of 
infants such that those who are breastfed exclusively for 6 months have a more 
developed immune system than those who are not exclusively breastfed [23, 24]. 
Many studies show that breastfeeding strengthens the immune system. During nursing, 
the mother passes antibodies to the child, which helps the child resist diseases and 
helps improve the normal immune response to certain vaccines. Breastfeeding has 
also been shown to reduce the risks of the infant developing asthma and allergies 
[25] as well as childhood leukemia [26]. Cardiovascular disease risk is also reduced 
through the reduction of obesity, blood pressure, and cholesterol [5, 27].

Having been breastfed as an infant provides benefit later in life. Additional ben-
efits may become apparent as the child grows older. Breast-fed children are less 
likely to contract a number of diseases later in life, including type I diabetes mel-
litus, multiple sclerosis, heart disease, and cancer before the age of 15. In fact 
breastfed babies have been shown to have a small reduction in blood pressure later 
in life [28]. Breastfeeding during infancy is also associated with a reduction in risk 
of ischemic cardiovascular disease later in life [29]. What is it about breast milk 
that allows the health-promoting properties? The current theory is that immuno-
globulins passed from mother to baby are responsible for these effects, but many of 
these benefits extend beyond the immune system.

Changes in Intestinal Microflora of the Developing Infant

Prior to uncomplicated birth, the fetus is sterile, and the first encounter with the 
microbial world begins during delivery. This exposure will vary depending on 
whether it is a cesarean or a vaginal delivery. During vaginal birth, bacterial colo-
nization of a previously germ-free gut begins with organisms that are derived from 
the vagina, skin, and rectum of the mother. Vaginal microflora are some of the first 
colonizers in the gastrointestinal tract of newborns [30]. Naturally delivered babies 
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experience a period of 2–3 days in which bacteria invading and reproducing within 
infant’s gut are predominately aerobic bacteria such as Enterobacteriaceae, strep-
tococci, and staphylococci [31]. These potentially pathogenic bacteria may not 
appear to be beneficial to the health of babies, but research has shown that the 
metabolisms of these early bacteria are believed to be positive factors in preparing 
for colonization by beneficial enteric bacteria such as bifidobacteria, lactobacilli, 
and other anaerobic bacteria that appear to reach the gut after 2–3 days [32]. After 
bacterial transmission from the mother to the baby during delivery, the mother 
provides a continual source of bacteria from oral and skin microbes through suck-
ling, kissing, and caressing. These bacteria have been shown to be able to create a 
reduced environment favorable to anaerobic bacteria, which colonize the gut at the 
end of week 1 taking over from the aerobic bacteria.

An additional source of bacteria for breastfed neonates is mother’s milk which 
contains up to 10 [9] microbes/L in healthy mothers [33]. The most common  
bacteria colonized from this mode of transmission are staphylococci, streptococci, 
corynebacteria, micrococci, propionibacteria, and bifidobacteria, as well as lacto-
bacilli [34]. After the first 2 weeks of life, stable microflora are established and 
maintained. This microflora environment is dependent upon breast vs. formula 
feeding. Supplementation of a breast fed baby with formula milk induces a rapid 
shift in the bacterial pattern of a breastfed baby [32]. This relationship between the 
microflora composition and the health of the baby is critical and thought to provide 
routes of metabolism and nutrients for the developing baby similar to vitamin K 
metabolism in adults. We present data later in the chapter showing this bacterial 
symbiosis in conversion of nitrate and nitrite to NO production.

Changes in Milk Characteristics over Time

The quality and characteristics of breast milk change over time. This change in 
composition is thought to be due partly to the changing gut microflora in the baby 
and the changing metabolic demands as the baby grows. Colostrum, the early milk 
from the mothers’ breasts, is usually present after the fifth or sixth month of preg-
nancy. Colostrum has a yellow color, is thick in consistency, and is high in protein 
and low in fat and sugar. Colostrum is designed to meet a newborn’s special needs. 
The protein content is three times higher than that of mature milk. It is rich in anti-
bodies being passed from the mother. Breast milk will change and increase in 
quantity about 48–72 h after giving birth [35]. In addition to the macronutrients, 
vitamins, minerals, and water in human milk, specific components contribute to the 
immunocompetence of the infant, including secretory IgA, IgG and IgM, lactofer-
rin, lysozyme, cytokines, and exosome-derived microRNAs [36–39]. These anti-
bodies protect the baby and act as a natural laxative, helping the baby pass the first 
stool, called meconium. Once the baby is born, colostrum is present in small but 
gradually increasing amounts for the first 3 days to match the small size of the 
baby’s stomach. Most babies do not need additional nutrition during this time. 
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This precious colostrum should be given to the newborn as soon as possible after 
giving birth. It is recommended that mothers breastfeed at least 8–12 times per 
24 h, so the baby receives this valuable milk. Milk will typically increase in quan-
tity by 72 h after giving birth, although it may take longer depending on when 
breastfeeding began and how frequently breastfeeding occurs.

Once a more mature milk supply is established, there is variation in the milk that 
occurs during feedings. When the breastfeeding begins, the first milk the baby 
receives	is	called	foremilk.	It	is	thin	and	watery	with	a	light	blue	tinge.	Foremilk	
has a higher water content needed to satisfy the baby’s thirst. Hind milk is released 
after several minutes of nursing. It is similar in texture to cream and has the highest 
concentration of fat. The hind milk has a relaxing effect on the baby. Hind milk 
helps the baby feel satisfied and gain weight. Interestingly, several research studies 
have demonstrated relatively high concentrations of nitrite and nitrate in human 
breast milk. Ohta et al. found high concentrations of nitrite and nitrate (166–1,246 mM) 
in the breast milk of Japanese mothers from days 1 to 8 [40]. We recently found 
that the ratio of nitrite and nitrate in breast milk changes as the composition of milk 
changes whereby colostrum contains the highest amount of nitrite (~10 mM) [41] 
(Fig.	9.1). Iizuka et al. report a range of 19.3–82.4 mM with average concentration 
of nitrite in colostrum as 43.6 ± 5.3 mM and nitrate concentrations ranging from 
86.6 to 278.7 mM with an average of 180.6 ± 63.1 mM [42]. In this particular study 
it was shown that when breast milk was ingested there was a production of NO gas 
in the stomach that was absent in formula-fed babies, which have much lower con-
centrations of nitrite and nitrate [42]. The nitrite consumed by the infant enters the 
acidic environment of the stomach leading to the generation of NO in the gastric 
lumen. The effects of NO in adult stomachs are documented relative to gastric 
mucosal integrity and blood flow from the reduction of nitrate to nitrite to NO. 
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Fig. 9.1 A longitudinal study in the same nursing mothers from multiple collections over 16 days. 
Data are average of single donations from 2 nursing mothers for 16 days
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Prior to the birthing process, the gastrointestinal tract of the infant is sterile, and it 
is rapidly colonized by bacteria originating from the mother and the environment, 
as discussed earlier [43, 44]. Reduction of nitrate to nitrite requires the commensal 
bacteria that normally reside in the body. However, in newborn infants, this path-
way has not developed. Therefore, breast milk high in nitrite relative to nitrate 
overcomes the natural deficiency early in life. At later stages of development, 
nitrate becomes the predominant anion when a symbiosis exists with the colonized 
bacteria.	This	concept	is	supported	by	the	data	in	Fig.	9.1 showing early post-par-
tum colostrum enriched in nitrite. The nitrite concentration decreases concomi-
tantly with nitrate increases during the time at which the gut becomes colonized by 
bacteria. There appears to be a complimentary system whereby the nitrite in breast 
milk can be reduced to NO. Colostrum is designed to meet a newborn’s special 
needs. Our data suggest that the ratio of nitrite to nitrate also changes in order to 
meet the changing metabolic demands on the infant. Therefore, part of its role may 
be to supply a sufficient amount of nitrite in the early post-partum period until the 
gut microflora are then established to utilize nitrate as the primary substrate. 
Indeed, the pattern of nitrate and nitrite composition of human milk suggests that, 
as observed by others, these components also serve immunomodulatory and gastro-
protective roles. In adults, the provision of nitrite, resulting from reduction by com-
mensal lingual microbiota, is constant because of enterosalivary circulation of 
nitrate [45]. Interruption of the reduction of nitrate to nitrite has been shown to 
prevent a rise in plasma nitrite, hinder vasodilation with resulting decrease in blood 
pressure, and decreased platelet aggregation [46]. Therefore, it is reasonable to 
surmise that nitrite must be supplied through human milk to the newborn in order 
to derive the resulting vascular, immunologic, and gastroprotective benefits of NO 
to which it is metabolized.

Nitrite and Nitrate Anions in Breast Milk vs. Formula  
and Cows Milk

Currently there are stringent regulations on the amount of nitrite and nitrate allowed 
in our food supply and drinking water. These regulations may not be applicable to 
human milk. There have been several studies showing high concentrations of nitrite 
and nitrate in breast milk. Cekmen et al. found extremely high concentrations of 
nitrite in breast milk of healthy mothers that were reduced in pre-eclampsia patients 
[47]. Total nitrite levels were 56.09 ± 11.18 vs. 82.20 ± 12.01 mM, P < 0.05, in colos-
trum of preeclamptics and controls, respectively. The level of total nitrite was 
37.75 ± 12.10 vs. 53.28 ± 10.25 mM, P < 0.05, in 30th-day milk of these same 
patients [47], consistent with our data showing the highest concentrations of nitrite 
in	colostrum	that	declines	over	time	(Fig.	9.1). Breast milk from certain mothers 
contained the highest nitrite concentration of any food or beverage product tested. 
Human breast milk contains high concentrations of nitrate and nitrite in the early 
postpartum period, and the relative concentrations of the two anions change from 
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colostrum to transition milk to mature milk. The concentrations are much higher 
than that found in commercial baby formulas. When comparing freshly expressed 
human breast milk at day 3 to Enfamil baby formula, human breast milk contained 
almost	20	times	higher	nitrite	than	that	contained	in	Enfamil	formula	(Fig.	9.2). It 
is interesting to note that formula had much less nitrite but actually higher concen-
trations of nitrate than had the breast milk.

Table 9.1 contains nitrate and nitrite concentrations in a representative sample of 
colostrum, artificial formulas for infants and children, as well as samples of cow 
and soy milk. As shown below, colostrum contained the highest concentration of 
nitrite of any of the other milk products, and Silk Soy Vanilla milk contained the 
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Fig. 9.2 Comparison	of	3-day-old	breast	milk	to	Enfamil	Baby	Formula.	Data	are	average	±	SEM	
of n = 3 samples of each

Table 9.1 Nitrate and nitrite concentrations from infant and pediatric formula milk products

Milk product Nitrite (mg/100 mL) Nitrate (mg/100 mL)

Colostrum 0.08 0.19
Boost	Kid	Essentials	Lactose	Free® 0.007 0.26
Bright Beginnings Soy Pediatric® 0.03 0.16
Similac® 0.00005 0.05
Pregestimil® – protein hydrolysate 0.00005 0.12
Enfamil EnfaCare® 0.00005 0.10
Nestle Carnation Instant Breakfast  

Plus® (lactose free)
0.00005 0.08

TwoCal HN®	with	FOS-Milk	Based	 
Hydrolasate

0.00005 0.18

Nutramigen® AA Elemental 0.00005 0.02
Market Pantry 2% Cow’s Milk 0.0002 0.23
Silk® Soy Vanilla Milk 0.0036 3.48
Silk® Soy Egg Nog 0.013 0.34
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highest nitrate concentration. All of the pediatric formulas, with the exception of 
Bright Beginning Soy formula, had very low (barely detectable) levels of nitrite.

Source of Nitrite in Breast Milk

The origins of nitrate and nitrite in human milk are not known. Maternal nitrate and 
nitrite intakes are not reflected in nitrate and nitrite composition of human milk [7]. 
The data supporting this conclusion are sparse. One study published on this topic 
demonstrated that women who consumed water with a nitrate concentration 
<100 mg/L did not produce milk with elevated nitrate levels [48]. Physiological 
production of nitrate and nitrite in tissues is dynamic; it is dependent on the mam-
malian nitrate reductase activity of enzymes, such as xanthine oxidoreductase and 
a host of other redundant systems, [49–52] local conditions such as hypoxia, [53, 54]) 
and acidosis. Another hypothesis is that tissue production of nitrite and nitrate may 
be the result of bacterial nitrate reductase activity. Other work has demonstrated an 
important role for xanthine oxidoreductase (XO) in milk in the generation of NO

x
. 

It is worth noting that XO activity of human milk, while generally very much lower 
than that of cow’s milk [55], is exceptionally high in the first few weeks postpartum 
[56]. This is precisely the period when antibacterial activity is required in the 
neonatal gut, it coincides with particularly high levels of nitrite [42], and it corre-
lates with the highest levels of XO-dependent NO generation found in human milk 
[57]. In the early postpartum stage, nitrite may exert critical antimicrobial activity. 
The presence of high levels of XO in breast milk, along with the high nitrite levels 
and low oxygen tension, allows for the generation of peroxynitrite, a potent bacte-
ricidal agent, from NO [58]. These proposed antimicrobial actions of nitrite and 
peroxynitrite may help fight infections in the peripartum period. It is also biologi-
cally plausible that the high concentration of nitrite in colostrum may be the 
byproduct of NO oxidation resulting from its production during the initiation of 
lactation by nitric oxide synthase (NOS) [59, 60]. NOS-derived NO, using l-arginine 
as a substrate, may assist in the “let down” reflex at the initiation of lactation 
[59, 61]. After initiation of lactation, there may be less NO required, and, hence, 
less nitrite produced by NO oxidation, to begin the flow of milk from the breast 
tissue. This may be one potential explanation as to why nitrite concentrations drop 
significantly in transitional and mature milk.

Levels of Exposure of Nitrite and Nitrate from Breast Milk

The published data on nitrite and nitrate content of human breast milk reveal that 
substantial exposure to the anions occurs in newborn infants. This becomes inter-
esting in terms of levels of exposure based on nitrite ingestion relative to body 
weight	in	the	infant	(over	1	mg/kg).	The	Joint	Food	and	Agricultural	Organization/
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World Health Organization has set the acceptable daily intake (ADI) for the nitrate 
ion at 3.7 mg/kg body weight and for the nitrite ion at 0.06 mg/kg body weight [62]. 
Normal daily infant breastmilk intake is 2–3 oz per pound per day or 200 mL/kg. 
That translates into 14–21 oz or 400–630 mL of milk for a typical 7 pound (3 kg) 
infant or more simply ~200 mL/kg. Taking an average of 50 mmoles/L concentra-
tion of nitrite or 2,300 mg/L, total daily nitrite exposure to nursing infants is roughly 
1.2 mg/kg or 20 times higher than the ADI for nitrite. Among the milk samples 
analyzed from Table 9.1, nitrate intakes were highest from pediatric formulas 
(Boost Kids Essential®	 Lactose	Free	 and	Bright	Beginnings	Soy	Pediatric®) and 
lowest from infant formulas (Similac® and Pregestimil®). The highest nitrate expo-
sure of the milk samples tested, relative to the WHO ADI standard, is from Silk® 
Soy Vanilla, which could result in intakes of 104% of this standard. Boost Kids 
Essential®	Lactose	Free	 intake	could	result	 in	83%	of	 the	WHO	ADI	for	nitrate.	
Regarding potential nitrite exposures, Bright Beginnings Soy Pediatric® intake 
could result in 383% and Boost Kids Essential®	Lactose	Free	intake	could	result	in	
83% of the WHO ADI standard. Human milk colostrum samples had the highest 
nitrite concentration of any milk product tested. The small amount produced by the 
breast and, therefore, consumed by the infant still translates to 42% of WHO ADI 
at 100 mL intake.

The ability to exceed WHO ADI limits with usual intake levels of single foods, 
such as breast milk, spinach [63], or a desiccated vegetable supplement [64], indi-
cates that these regulatory limits may not be applicable to all situations, such as 
food sources of nitrate and nitrite, for children and adults. This latter suggestion is 
warranted based on the consideration of intake estimates of nitrite and nitrate from 
other food sources. We have found that a DASH diet pattern with high-nitrate food 
choices exceeds the WHO ADI for nitrate by 550% for a hypothetical 60 kg adult. 
If this hypothetical adult were to consume, in addition to the high-nitrate DASH 
diet, three cups of the soy milk analyzed herein, the concentration of dietary nitrate 
from these foods (1,248 mg total or 20.8 mg/kg) would exceed WHO ADI levels 
by 562% for a 60 kg person.

Implications for Health

The nitrate and nitrite content of milk products demonstrate that these foods are 
significant contributors to total dietary nitrate and nitrite intakes. The data presented 
in this chapter suggests that human milk provides a dietary source for nitrite prior 
to the establishment of lingual and gastrointestinal microbiota. Once the micro-
biota are established, these commensal organisms are capable of reducing dietary 
nitrate, via enterosalivary circulation, to nitrite, and support gastrointestinal, 
immune, and cardiovascular health. The significant concentration of nitrate and 
nitrite in bovine milk demonstrated here indicates that these conclusions may be 
applicable across mammalian species. When we compare freshly express human 
breast milk at day 3 to Enfamil baby formula, human breast milk contains almost 
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20 times more nitrite. Studies have demonstrated a number of important health 
benefits to breastfeeding [5]. It provides a number of health advantages beginning 
at birth and continuing throughout a child’s life. A large number of the health 
problems that today’s children face might be decreased, or even prevented, by 
breastfeeding the infant exclusively for at least the first 6 months of life. The 
longer the mother breastfeeds, the more likely her child will get the health 
benefits of breastfeeding. Many studies show that breastfeeding strengthens the 
immune system. Infants who are breastfed exclusively for 6 months have a more 
developed immune system than those who are not exclusively breastfed [23, 24]. 
Breastfeeding has also been shown to reduce the risks of the infant developing 
asthma and allergies [25] as well as childhood leukemia [26]. Cardiovascular 
disease risk is also reduced through the reduction of obesity, blood pressure, and 
cholesterol [27]. Having been breastfed as an infant also provides benefit later in 
life. Breastfed children are less likely to contract a number of diseases later in 
life, including type 1 diabetes, multiple sclerosis, heart disease, and cancer before 
the age of 15 [65]. In fact breastfed babies have been shown to have a small 
reduction in blood pressure later in life [28]. Breastfeeding during infancy is also 
associated with a reduction in risk of ischemic cardiovascular disease later in life 
[29]. The early influence of nitrite and nitrate may explain, at least in part, some 
of that benefits.

In addition to the established cardiovascular and immunological benefits of 
NO-derived from breast milk nitrite, there is growing evidence related to its anti-
cancer activity, as well. A review for the evidence of an association between breast-
fed infants and certain cancers suggests that the children who are never breastfed 
or are breastfed for short term have a higher risk than those who are breastfed 
for ³6 months of developing Hodgkin’s disease (HD), but not non-Hodgkin’s 
lymphoma or acute lymphoblastic leukemia [66]. Human milk contains an exten-
sive array of anti-microbial activity and appears to stimulate early development of 
the infant immune system. Artificially fed infants negotiate exposure to infectious 
agents without the benefits of this immunologic armamentarium and do not do, as 
well as breast-fed infants, in resisting infection. Thus, human milk may make the 
breastfed infant better able to negotiate future carcinogenic insults by modulating 
the interaction between infectious agents and the developing infant immune 
system or by directly affecting the long-term development of the infant immune system. 
Part of this response may be mediated by the nitrite and nitrate content of 
breast milk.
Future	research	is	required	to	establish	definitively	the	role	of	nitrite	and	nitrate	

in formula fed vs. breastfed infants. The dietary and physiological determinants of 
milk nitrate and nitrite concentrations remain to be established. However, the pres-
ence of nitrate and nitrite in human milk provides indirect evidence for a physio-
logical benefit of dietary nitrite for the protection of the gastrointestinal tract in the 
neonate prior to the establishment of commensal bacteria in the mouth and gut. The 
temporal relationship between the provision of nitrite in human milk and the devel-
opment of commensal microbiota capable of reducing dietary nitrate to nitrite supports 
an hypothesis that milk nitrite may supply this component in the immediate term 



150 P.D. Berens and N.S. Bryan

after birth. One conclusion that can be made from these exposure estimates is that 
humans are adapted to receive dietary nitrite and nitrate from birth and, therefore, 
they may not pose a significant risk at levels naturally found in certain foods. In 
fact, the absence of an essential nutrient, namely nitrite in baby formulas, may be 
involved in many of the health disparities in formula-fed babies, including necrotiz-
ing enterocolitis, infections, poor nutrient absorption, and even increased health 
risks later in life. If claims of nitrite and nitrate in promoting carcinogenesis were 
warranted, we would expect a higher incidence of cancer in breastfed infants com-
pared with formula-fed infants, a result which has not been reported. In fact, there 
is a recognized and large disparity in the health of breastfed vs. formula-fed babies 
favoring breastfeeding. The current theory holds that this is due to immunoglobu-
lins transferred from mother to baby which are responsible for the benefits of breast 
milk. A case can be made for nitrite as an essential molecule in the development 
and immune function of infants as well. Nature has devised a perfect system to 
nourish and foster the growth and development of nursing babies. Nitrite appears 
to be one of those indispensible nutrients.
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Key points

US and European Union regulatory limits on nitrates in drinking water are nec-•	
essary to limit environmental pollution known as eutrophication.
Health concerns of excessive nitrate and nitrite consumption have driven regula-•	
tory actions due to perceived risk of methemoglobinemia in infants and gastro-
intestinal cancer risk in adults.
The World Health Organization’s Acceptable Daily Intake recommendations for •	
nitrate can be exceeded by normal daily intakes of single foods and recom-
mended dietary patterns, such as the DASH diet.
Inconsistent positions on the health risks and benefits of foods containing •	
nitrates and nitrites by the International Agency for Research on Cancer (IARC) 
and the European Food Safety Authority (EFSA) may contribute to confusion 
for consumers; regulators must take the opportunity to clarify and expand upon 
these positions in order to provide coherent dietary guidance.
The established vasoprotective, blood pressure lowering, and antiplatelet aggre-•	
gation properties of nitrite alone, or of nitrite originating from dietary nitrate, 
requires a new regulatory paradigm that incorporates the concepts of physiologi-
cal deficiency, sufficiency and excess.
There is a need to engage an independent panel of experts from academia, •	
industry, and governmental and non-governmental sectors to undertake the first 
comprehensive, systematic review of the potential health risks and benefits of 
food sources of nitrates and nitrites.
U.S. Institute of Medicine’s Dietary Reference Intake paradigm may be a useful •	
guide to the development of coherent dietary nitrate and nitrite intake 
recommendations.
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Introduction

Current regulatory limits on nitrate concentrations in drinking water are necessary 
to reduce the risk of eutrophication; dietary intake limits for nitrate and nitrite based 
on potential risk of carcinogenicity and methemoglobinemia have more equivocal 
scientific support. The World Health Organization intake limits for nitrate are 
exceeded by normal daily intakes of single foods, such as soya milk and spinach, 
as well as recommended dietary patterns such as the Dietary Approaches to Stop 
Hypertension diet. Inconsistent regulatory positions on dietary exposures to nitrate 
and nitrite from processed meats and vegetables may be a source of public concern 
about the quality of dietary recommendations from health regulators. There is a 
great necessity to undertake a multidisciplinary, independent and systematic review 
of the potential health benefits and risks of dietary nitrates and nitrites. Regulatory 
bodies must consider all available data on the physiological roles of nitrate and 
nitrite in order to derive rational bases for dietary recommendations. The develop-
ment of a more sophisticated regulatory paradigm that acknowledges physiological 
states of nitrate and nitrite deficiency, adequacy and excess, as exemplified by the 
Institute of Medicine’s Dietary Reference Intake paradigm, may be needed. This 
paradigm should also consider the relevant metabolic interactions between food 
sources of nitrates and nitrites in specific physiologic and pathophysiologic con-
texts. These efforts could improve dietary guidance regarding nitrate and nitrite 
intakes that result in public health benefits.

Everything should be made as simple as possible, but not simpler.

~Albert Einstein’s comment on the philosophy of parsimony of William of Occam, English 
philosopher and Franciscan friar (c. 1285–1349).

Nitrite and Nitrate in Biology

Nitrate enters the food chain through plant foods via the action of lightning and soil 
bacteria. In addition to being a required nutrient for plants, it is an approved food 
additive [1]. Nitrate from vegetables is the major dietary source of this chemical 
while surface and ground water is a minor contributor. Nitrate intakes from vegeta-
bles are determined by the type of vegetable consumed, the levels of nitrate in the 
vegetables (including the nitrate content of fertilizer), the amount of vegetables 
consumed, and the level of nitrate in the water supply [2]. Nitrate concentration is 
the highest in the leaves whereas lower concentrations occur in seeds or tubers [3]. 



15710 Regulation of Dietary Nitrate and Nitrite

Nitrite exposure is mainly from endogenous nitrate conversion via a process known 
as enterosalivary circulation [4, 5]. Endogenous reduction of nitrate to nitrite is a 
source of nitric oxide (NO) and related metabolites (referred to as NO

x
) in tissues 

and, in hypoxia, the vasculature [6, 7].

Regulatory Limits on Nitrate in Drinking Water

Environmental contamination with excess nitrate from fertilizer use is a persistent 
and growing problem. Nitrate and nitrite are naturally occurring ions that serve 
as nutrients for plants via fixation by soil bacteria. The enhancement of nitrogen 
fixation by the provision of nitrate-containing fertilizers has surpassed the 
amount that occurs naturally [8]. The resulting contamination of ground and sur-
face water with excess nitrate by these agricultural practices is a global concern. 
Regulatory positions that address this concern are exemplified by the European 
Union’s Nitrate Directive. The Nitrates Directive aims to protect water quality 
across Europe by preventing nitrates from agricultural sources polluting ground 
and surface waters and by promoting the use of good farming practices [9]. This 
type of pollution is referred to as eutrophication and is characterized by the 
excessive development of certain types of algae disturbs the aquatic ecosystems 
and becomes a health risk for animals and humans. The primary cause of eutro-
phication is an excessive concentration of plant nutrients, including nitrates, 
originating from agricultural practices or sewage treatment. While it is beyond 
the scope of this chapter to discuss these environmental issues, the contribution 
of contaminated drinking water sources to potential health effects of dietary 
nitrate and nitrite is highly relevant.

The permissible concentration of nitrate in drinking water is 50 mg nitrate/L in 
the European Union and 44 mg/L in the United States in accordance with World 
Health Organization recommendations first established in 1970 and reaffirmed in 
2004 [10]. The harmony of US and European Union nitrate and nitrite regulations 
are betrayed by a growing body of evidence that ascribes essential functions in 
vascular and tissue homeostasis and immune function to these dietary constituents. 
Whereas accidental toxic exposures of nitrates and nitrites have occurred [11, 12], 
the health risks due to excessive nitrate and nitrite consumption, such as methemo-
globinemia, appear only in specific subgroups of the population.

Experts have questioned the veracity of the evidence supporting the hypothesis 
that nitrates and nitrites are toxic for healthy adolescent and adult populations due 
to their ability to cause methemoglobinemia [13–16]. Many scientists now interpret 
the available data as evidence that the condition is caused by bacterial infection-
induced enteritis rather than nitrate [15, 16]. Thus, it appears that the biologically 
plausible hypothesis of nitrite toxicity with regard to methemoglobinemia has 
essentially transformed a plausible hypothesis into sacrosanct dogma [13], despite 
the lack of proof [14, 16].
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The excessive concentration of nitrate in drinking water, typically a minor  
contributor to dietary nitrate and nitrite concentrations, must be considered a serious 
health concern, particularly for infants [17]. Even so, the Society of Agricultural 
and Biological Engineers has, in parallel to those made this volume for nitrate and 
nitrite exposures from foods, called for a more rational approach to setting exposure 
limits on nitrogen-containing effluents in wastewater treatment [18]. To wit,

Considering that definitive evidence of nitrate health risks is conspicuously lacking, a more 
rational approach to setting effluent limits for waste treatment systems is needed, one that 
considers costs/benefits and recognizes factors that act to limit nitrogen buildup in ground-
water. Such factors include nitrogen removal by soil microorganisms, and aquifer hydroge-
ology [18].

Regulators must integrate data from potential exposures from drinking water with 
those of food sources of nitrate and nitrite. The balance of this chapter will address 
the potential health concerns regarding dietary nitrate and nitrite from the context 
of food sources and the physiological contexts of the actions of their metabolic 
products.

Regulatory Limits on Dietary Nitrate and Nitrite Intakes

The US Environmental Protection Agency limits human exposure to inorganic 
nitrates to 0.10 mg/L (or 10 ppm nitrate nitrogen) and nitrites to 1 ppm nitrite nitrogen 
[19]. The Joint Food and Agricultural Organization/World Health Organization has 
set the acceptable daily intake (ADI) for the nitrate ion at 3.7 mg/kg body wt and 
for the nitrite ion at 0.06 mg/kg body wt [1]. Likewise, Environmental Protection 
Agency has set a Reference Dose for nitrate of 1.6 mg nitrate nitrogen/kg body wt/
day (equivalent to 7.0 mg nitrate ion/kg body wt/day).

Dietary Intake Estimates of Nitrate and Nitrite

The mean intake estimates for nitrate and nitrite from food in the United States and 
Europe vary from ~40–100 to 31–185 mg/day, respectively [20, 21]. Nitrite intakes 
vary from 0 to 20 mg/day. Nitrate intakes from sources other than vegetables, 
including drinking water and cured meats, have been estimated to average 
35–44 mg/person/day for a 60-kg human [1]. On the basis of a conservative recom-
mendation to consume 400 g of different fruits and vegetables per day at median 
nitrate concentrations, the dietary concentration of nitrate would be ~157 mg/day 
[1]. In the European Union, fruit consumption (average nitrate concentration: 
10 mg/kg FW) constitutes more than half of the recommended intake of 400 g, 
nitrate intakes are estimated to be ~81–106 mg/day before additional nitrate losses 
from washing, peeling, and/or cooking are taken into consideration. In a convenience 
sample of foods analyzed for nitrate and nitrite content, two dietary patterns based 



15910 Regulation of Dietary Nitrate and Nitrite

upon the Dietary Approaches to Stop Hypertension that featured either low- or 
high-nitrate foods were found to contain between 174 mg nitrate/0.41 mg nitrite 
and 1,222 mg nitrate/0.35 mg nitrite [22]. It is noteworthy that the bioavailability 
of dietary nitrate is 100% [23].

Dietary Intakes in the Context of WHO ADI Levels

The appreciation of four facts regarding human exposures to nitrate and nitrite casts 
concern over current regulatory limits on nitrate and nitrite consumption. First, it is 
possible to approach or exceed WHO ADI limits with usual intake levels of single 
foods, such as colostrum (at 100 mL intake in a newborn infant delivering 42% of 
the WHO ADI intake limit), soya milk (750 mL intake for a hypothetical 6.8 kg 
infant yields 104% of the WHO ADI intake limit) [24], spinach [25], or a dessi-
cated vegetable supplement [22]. Second, recommended dietary intakes of vegeta-
bles and fruits, such as a Dietary Approaches to Stop Hypertension pattern with 
high nitrate food choices, exceed the World Health Organization’s Acceptable 
Daily Intake for nitrate by 550% for a 60-kg adult [22]. Third, for adults consuming 
the recommended intakes of vegetables and fruits, the origin of over 80% of dietary 
nitrate and nitrite, the concentration of nitrate in saliva, via enterosalivary circula-
tion, can reach up to three times the concentration in most global regulatory limits 
for drinking water [26]. Fourth, provision of dietary nitrate, as beetroot juice [27], 
dietary nitrate [28], or in a traditional Japanese dietary pattern [29], is effective in 
lowering blood pressure in humans. These facts indicate that WHO intake limits 
may not reflect optimal nitrate and nitrite concentrations from foods that confer 
health benefits. If nitrates and nitrites act as nutrients, it is likely that they do so to 
bolster the reserve of nitrite-derived NO

x
 metabolites required for optimal functioning 

through periods of physiologic stress (e.g., hypoxia and acidosis) and diseases 
characterized by endothelial dysfunction [30–33].

Potential Negative Health Effects of Dietary Nitrate  
and Nitrite Exposures

Epidemiologic and clinical studies have associated nitrate and nitrite consumption 
with increased risk of gastrointestinal cancers, thyroid dysfunction and thyroid  
cancer [34], chronic obstructive pulmonary disease in women [35] as well as other 
conditions [36]. Nitrate and nitrite exposures have been associated with gastrointes-
tinal cancer risk through the consumption of cured and processed meats [37, 38].  
A recent meta-analysis has challenged this conclusion; these results conclude that 
available epidemiologic evidence is not sufficient to support a clear and unequivocal 
independent positive association between processed meat consumption and  
colorectal cancer risk [39]. Nitrates added to meats serve as antioxidants, develop 
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flavor, and stabilize the red color in meats but must be converted to nitrite to exert 
these actions. Sodium nitrite is used as a colorant, flavor enhancer, and antimicrobial 
agent in cured and processed meats. Nitrate and nitrite use in meat products, includ-
ing bacon, bologna, corned beef, hot dogs, luncheon meats, sausages, and canned 
and cured meat and hams is subject to limits put forth in Food and Drug 
Administration (FDA) and US Department of Agriculture (USDA) regulations. 
These regulations can be found in the Code of Federal Regulations (CFR) (21CFR 
170.60, 172.170, and 172.175 for FDA and 9CFR 318.7 for USDA regulations, 
respectively). The use of nitrites in bacon must be accompanied by the use of either 
sodium erythorbate or sodium ascorbate (vitamin C), antioxidants that inhibit the 
nitrosation effect of nitrites on secondary amines [40]. The use of these antioxidants, 
along with lower nitrate and nitrite levels in processed meats, has lowered residual 
nitrite levels in cured meat products in the US by ~80% since the mid-1970s [41].

While there exists little evidence that consumption of nitrates or nitrites are asso-
ciated with risk of gastrointestinal cancers [16], the chemistry of gastric digestion of 
meals containing nitrite, dietary fat and vitamin C may promote the formation of 
carcinogenic N-nitrosamines (NOCs) [42, 43]. The generation of nitrite-derived NO 
is maximal at the gastroesophageal junction where salivary nitrite first meets gastric 
acid. This chemistry is modeled using a physiologically relevant two phase (aqueous 
and lipid) in vitro model system. Acid-catalyzed nitrosation was found to be 
enhanced by vitamin C in the presence of lipid. Thus, the presence of lipid, in the 
microenvironment of the stomach, converts vitamin C from inhibiting to promoting 
acid nitrosation. In the presence of 10% lipid (a food matrix component for pro-
cessed meats), the presence of vitamin C increased the formation of nitrosodimeth-
ylamine, nitrosodiethylamine, and N-nitrosopiperidine 8-, 60-, and 140-fold, 
respectively [42]. This effect is attributable to the ability of vitamin C to assist in the 
generation of NO in the aqueous phase, which enables the regeneration of nitrosat-
ing species by reacting with oxygen in the lipid phase. This concept has been  
supported by observations in a carcinogen-induced rat model of colorectal cancer in 
which processed meat consumption enhanced the number of preneoplastic lesions in 
the colon [44]. Taken together, these observations provide a biologically plausible 
mechanism for the observed association between processed meat consumption and 
gastrointestinal cancer risk [45]. It has been postulated that gastric formation of 
NOCs may be inhibited by nutrients and other components of vegetables and fruit 
[46]. In this two phase model system, it has been shown that certain polyphenols 
block the formation of NOCs [47]. Clearly, more research is needed to address the 
potential interactions among food constituents to affect cancer risk.

Potential Health Benefits of Dietary Nitrate and Nitrite

Based on data from the laboratories of Drs. Jon Lundberg, Mark Gladwin, Jay 
Zweier, Nathan Bryan and others have formed the modern basis for proposed health 
benefits of dietary nitrates and nitrites [48–50]. The nitrate–nitrite–NO pathway has 
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been demonstrated to serve as a backup system to ensure NO supply in situations 
when the endogenous l-arginine/NO synthase pathway is dysfunctional [51]. This 
redundant system of NO production in tissues has important implications for  
cardiovascular, gastrointestinal and immune function related to the provision of 
dietary nitrate and nitrite. As nitrite-dependent NO generation has been shown to play 
critical physiological and pathological roles, and is controlled by oxygen tension, 
pH, reducing substrates and nitrite levels [52], it is necessary to balance these con-
texts in a modern regulatory framework that acknowledges a physiological require-
ment for nitrate and nitrite supplied by dietary means.

Addressing Context-Specific Health Effects of Food  
Sources of Nitrate and Nitrite

Two recent advisories have been issued regarding the potential health effects of 
food sources of dietary nitrates and nitrites. The International Agency for Research 
on Cancer (IARC) considered the carcinogenic risk associated with nitrate and 
nitrite consumption [53]. This thorough review concluded that the carcinogenicity 
from drinking water and food sources of nitrates and nitrites were not strongly sup-
ported by the epidemiologic evidence. This group considered a combination of 
positive and negative results from epidemiological and animal studies that sup-
ported a positive, coherent association with gastrointestinal cancer risk in condi-
tions that favor endogenous formation of N-nitroso compounds. They reported the 
strongest associations were recorded in individuals with high nitrite and low vita-
min C intake, a combination that promotes these nitrosation reactions. The presence 
of factors in foods, such as flavonoids in vegetables, may account for the lack of 
association with cancer risk for nitrate in food. The lack of association for nitrate 
in drinking water was attributed to low exposure in the available studies. They did 
not rule out the potential for nitrate in drinking water to result in endogenous nitro-
sation because water can be consumed if it was consumed in the absence of nitrosa-
tion inhibitors. Overall, the IARC group concluded that “ingested nitrate or nitrite 
under conditions that result in endogenous nitrosation is probably carcinogenic to 
humans (group 2A)” [53].

The European Food Safety Authority (EFSA) considered the potential health 
effects of dietary nitrate and nitrite consumption from vegetables because these 
foods are recommended for health benefits and are the primary dietary source of 
nitrate [1]. This group concluded that diets of a small proportion of certain EU 
Member States that consume only high amounts of leafy vegetables, the ADI con-
sumption limits for nitrate could be exceeded. Like other expert groups, EFSA 
concluded that epidemiological studies do not suggest that nitrate intake from diet 
or drinking water is associated with increased cancer risk. Furthermore, this group 
considers the evidence that high intake of nitrite might be associated with increased 
cancer risk to be equivocal.
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The EFSA panel concluded their analysis of the risk and benefits of exposure to 
nitrate from vegetables by stating:

Overall, the estimated exposures to nitrate from vegetables are unlikely to result in 
appreciable health risks, therefore the recognised beneficial effects of consumption of 
vegetables prevail. The Panel recognised that there are occasional circumstances 
e.g. unfavourable local/home production conditions for vegetables which constitute a 
large part of the diet, or individuals with a diet high in vegetables such as rucola which 
need to be assessed on a case by case basis [1].

The fact that the IARC and EFSA recommendations were the result of a review 
process that considered similar bodies of evidence is noteworthy. More striking is 
the fact that, in spite of generally similar conclusions, the scope or purview of each 
group was limited. The IARC group did not consider other potential health effects 
of nitrate and nitrite and the EFSA group considered only those associated with 
nitrates in vegetables. While these excellent reports serve their intended functions, 
they highlight the need for a broader examination of the potential health benefits 
and risks of dietary nitrates and nitrites.

Determinants of Regulatory Paradigm Change

Beyond the ascription of risks and benefits of dietary nitrates and nitrites, a recent 
review concluded that these dietary constituents, based on their demonstrated 
physiological functions, be considered nutrients [22]. Analogous to all essential or 
indispensable nutrients, intake of excess nitrate and nitrite exposure is, in specific 
contexts, associated with an increased risk of negative health outcomes. A set of 
dietary reference intake (DRI) categories are set by the Food and Nutrition Board 
of the National Academy of Sciences for essential nutrients to clearly define, where 
possible, the contexts in which intakes are deficient, safe, or potentially excessive. 
These DRI categories include the recommended dietary allowance (RDA), adequate 
intake (AI), tolerable upper level intake (TUL), and estimated average requirement (EAR) 
[54]. The process of setting DRIs for nutrients considers a broad range of physio-
logic factors, including nutritional status and potential toxicities. Rational method-
ologies such as these, including the consideration of normal dietary consumption 
patterns of nitrate and nitrite-containing foods, have not been applied in setting 
exposure limits or in considering the potential health benefits of dietary nitrates and 
nitrites. Consideration of dietary nitrates and nitrites as nutrients, and the determi-
nation of physiological concentrations considered low, sufficient or excessive will 
require a consensus among researchers, health professionals and regulators.

Time to Relax Regulatory Limits on Dietary Nitrate and Nitrite?

While there are compelling indications that dietary nitrate or nitrite may reduce 
cardiovascular disease risk, it has been suggested that the data are insufficient to 
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relax standards for nitrate in drinking water and foods [55]. Of course, the lack 
of awareness of the association between nitrate and nitrite and blood pressure 
means that the necessary tools employed by clinical researchers, epidemiologists 
and trialists to assess the association between nitrate/nitrite concentrations in 
foods and specific health biomarkers are not widely available. This means that in 
clinical trials, such as those completed to assess the efficacy of the DASH diet, 
nitrate and nitrite concentrations in foods were, because they were not considered 
causally related to blood pressure, not measured. Because these unmeasured fac-
tors likely contributed to the hypotensive effects of the DASH dietary pattern 
[22], dietary nitrate and nitrite would be considered confounding factors. This 
characterization is apropos for studies attributing cardiovascular benefits to veg-
etable intake [56], plant-based diets [57] and Mediterranean diet interventions for 
the secondary prevention of cardiovascular disease [58]. Dietary nitrates and 
nitrites may, in part, contribute to the salutary effects of vegetable and fruit  
consumption. It is hoped that dietary concentrations of these effect modifiers are 
measured or estimated and reported in epidemiologic and clinical studies of  
cardiovascular risk.

Lack of inclusion of food nitrate and nitrite concentrations in standard food 
databases (e.g., USDA National Nutrient Database for Standard Reference) is 
another obstacle to the development of a solid epidemiologic basis for quantifying 
cardiovascular and other health benefits of dietary nitrates and nitrites in human 
populations. As such, the development and availability of a database of food nitrate/
nitrite concentrations would encourage more thorough investigations of hypotheses 
associating dietary nitrate/nitrite and specific health outcomes.

The compelling results of clinical studies demonstrate great potential for the 
treatment and prevention of cardiovascular diseases including ischemia-reperfusion 
(IR) injury and hypertension by dietary means. It is incumbent upon regulators to 
carry out a comprehensive, systematic and independent review of all available 
evidence of health effects of dietary nitrate and nitrite. An Institute of Medicine 
(IOM)-type process would support the scholarly nature of this effort in an inde-
pendent institution. This effort would be synergistic with the recent IOM report 
“A Population-Based Policy and Systems Change Approach to Prevent and Control 
Hypertension” [59]. Among other public health strategies, this report highlights 
population-based strategies to reduce the prevalence of hypertension. These strate-
gies include behavioral and lifestyle interventions such as reducing sodium intake, 
increasing consumption of fruits and vegetables, and increasing physical activity. 
Many scientists understand that consideration of diet-based therapies emphasizing 
nitrate and nitrite intakes could benefit individuals with hypertension.

After decades of being subject to regulatory limits on dietary nitrate and nitrite 
based upon the poor practice of causal inference, the public deserves cohesive regu-
lations that reflect the physiologic necessity of nitrate and nitrite while accounting 
for contexts in which these dietary substances may produce health risks. The neces-
sary work of bringing together experts from disparate scientific disciplines to craft 
meaningful dietary recommendations for nitrate and nitrite intakes will be a boon 
for public health.
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Key points

Nitric oxide is a key signaling molecule in the cardiovascular, immune, and •	
nervous system.
There are three enzymes that produce NO from •	 l-arginine, two are constitutive 
and produce low amounts of NO for short periods of time, the other inducible 
and can produce high levels of NO for prolonged periods.
Nitric oxide reacts primarily with transition metals and other free radicals.•	
A number of diseases are associated with dysregulation of NO production.•	
The nitric oxide pathway is a key target for development of new therapies.•	
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Introduction

The discovery in the 1980s of the mammalian biosynthesis of nitric oxide (•NO, 
nitrogen monoxide) and its roles in the immune [1–5], cardiovascular [6–9], and 
nervous [10] systems established a startling new paradigm in the history of cellular 
signaling mechanisms. Prior to this discovery, it was essentially inconceivable that 
cells would intentionally produce a toxic molecule as a messenger; •NO is a common 
air pollutant, a constituent of cigarette smoke, and a toxic gas, which appears in the 
exhaust of motor cars and jet airplanes, causes acid rain, and destroys the ozone layer. 
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Amazingly, despite this nasty reputation, it is now known that •NO is one of a 
family of reactive signaling molecules, which includes both reactive nitrogen and 
reactive oxygen species [11, 12]. This is, in fact, a hallmark example of the propen-
sity of nature to seek out and exquisitely utilize the unique properties of unusual 
molecules. Its best recognized role, for which the 1998 Nobel Prize in Physiology 
or Medicine was awarded to Dr. Robert Furchgott, Dr. Louis Ignarro, and Dr. Ferid 
Murad, was for the importance of •NO as a signal molecule in the vasculature and 
specifically in the control of blood pressure. In addition to this role, •NO is one of 
the most important signaling molecules in the body, and is involved in virtually 
every organ system where it is responsible for modulating an astonishing variety of 
effects. Indeed, there have been over 100,000 publications on •NO, more than half 
of which have appeared in the last 8 years. •NO has been shown to be involved in 
and affect (just to list a few major examples) neurotransmission, memory, stroke, 
glaucoma and neural degeneration, pulmonary hypertension, penile erection, angio-
genesis, wound healing, atherogenesis, inflammation such as arthritis, nephritis, 
colitis, autoimmune diseases (diabetes, inflammatory bowel disease), invading 
pathogens, tumors, asthma, tissue transplantation, septic shock, platelet aggregation 
and blood coagulation, sickle cell disease, gastrointestinal motility, hormone secre-
tion, gene regulation, hemoglobin delivery of oxygen, stem cell proliferation and 
differentiation, and bronchodilation.

Here, we will focus on the physiology/pathophysiology of the three major organ 
systems originally documented for the importance of •NO as a signal, the cardio-
vascular, immune, and nervous systems, and understandings relevant to nitrite/
nitrate as particularly related to the cardiovascular system. Other important patholo-
gies where •NO also plays critical roles, including cancer [13], sepsis [14], diabetes 
[15], and lung [16] and kidney injury [17], are covered elsewhere.

Enzymatic •NO Synthesis

The first •NO synthase (NOS) to be isolated and the gene sequenced was the 
enzyme from rat cerebellum, by Bredt and Snyder in 1991 [18, 19]. Since then, the 
genes for the two other major NOS isoforms have been identified and cloned, 
revealing that all three enzymes perform the same basic enzymatic reaction.  
These heme- and flavin-containing enzymes utilize electrons from NADPH and 
produce •NO by the mixed-function oxidation of one of the two equivalent guani-
dine nitrogen atoms of the amino acid l-arginine (Fig. 11.1) [20, 21]. The three 
major isoforms are most commonly referred to as the neuronal (“nNOS” or NOS1), 
inducible (“iNOS” or NOS2), and endothelial (“eNOS” or NOS3), classified 
according to their initially identified location and function. nNOS and eNOS 
enzymes are constitutive, cytosolic, and Ca2+/calmodulin-dependent, and release 
•NO for short time periods in response to receptor or physical stimulation. The •NO 
released by these enzymes acts as a signaling mechanism underlying several 
physiological responses depending on when and where it is produced and producing 
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relatively small amounts of •NO. The other enzyme type (iNOS) is induced after 
activation of macrophages, endothelial cells, and a number of other cells by endotoxin 
and pro-inflammatory cytokines, and once expressed, synthesizes NO for long 
periods of time and at higher levels than the constitutive enzymes. Furthermore, the 
inducible form is Ca2+ independent since calmodulin is already bound to the 
enzyme. It is now appreciated that eNOS is found in other cells and tissues beside 
the endothelium, nNOS is found in other cells than neurons, iNOS is found consti-
tutively in some tissues, and there are inducible forms of both eNOS and nNOS, 
adding confusion to the nomenclature as it was first described. In addition, the 
activity and subcellular location of all three enzymes is regulated by a variety of 
different posttranslational modifications, especially eNOS [22]. Finally, there is 
evidence of NOS associated with erythrocytes [23] and also mitochondria [24, 25], 
although these possibilities are less well characterized.

Interconversions Between •NO and Nitrite/Nitrate

Formation of Nitrite/Nitrate from •NO

The major pathway for •NO metabolism is the stepwise oxidation to nitrite and 
nitrate [26]. Quantitatively the major mechanism for •NO metabolism in man in vivo 
is via reaction with oxyhemoglobin [27]. In plasma or other physiological fluids or 
buffers, •NO is oxidized almost completely to nitrite, where it remains stable for 
several hours. •NO and nitrite are rapidly oxidized to nitrate in whole blood. 

Fig. 11.1 Mechanism of •NO synthesis from l-arginine by NOS
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The half life of nitrite (NO
2
−) in human blood is about 110 s. Nitrate (NO

3
−) on the 

other hand has a circulating half life of 5–8 h. For years, both nitrite and nitrate have 
been used as surrogate markers of •NO production in biological tissues. During fasting 
conditions with low intake of nitrite/nitrate, enzymatic •NO formation from NOS 
accounts for the majority of nitrite [28], and plasma nitrite reflects eNOS activity 
[29]. On the basis of these and other studies, it was believed that •NO is acutely 
terminated by oxidation to nitrite and nitrate; however, as described below it is now 
appreciated that nitrite or nitrate can recapitulate •NO physiology.

Formation of •NO from Nitrite/Nitrate

There are several reports of the biological production of •NO from nitrite which 
predate the discovery in mammals. The first identification of enzymatic synthesis 
of •NO was in the 1970s where it was shown that it is produced in plants by the 
enzymatic reduction of NO

2
− as an intermediate in nitrogen fixation [30, 31], 

although the resulting heme-nitrosyl most probably does not release free •NO.  
In 1983, formation of •NO from nitrite was proposed as the mechanism whereby 
nitrite prevents botulism [32]. •NO is a central intermediate in microbial denitri-
fication [33].

It is now recognized that there are non-NOS sources of •NO [34]. The first 
description of such •NO formation was in 1994 when two independent groups 
demonstrated •NO detection from acidified nitrite in the stomach [35, 36], which 
is predictable based on well-established chemistry of acidified nitrite (but which 
may not apply to other, less acidic bodily compartments [37]). Nitrate per se is 
not metabolized by mammals, however, commensal facultative bacteria in the 
oral cavity efficiently convert nitrate to nitrite and is a significant source of 
circulating nitrite. As described in more detail below, there are multiple mecha-
nisms for the reductive conversion of nitrite to •NO that may be therapeutically 
effective.

Biochemical Actions and Targets of •NO

Reactivity and Diffusivity of •NO

Although commonly characterized as a “highly reactive radical,” the biochemistry of 
•NO is surprisingly simple since it is determined by one major principle: •NO under-
goes chemistry that serves to stabilize its unpaired electron. There are major conse-
quences of this chemistry. (1) •NO interacts almost exclusively with only two species, 
molecules that also contain an unpaired electron (thus allowing the electrons to pair 
up); and (2) transition metals to which •NO binds, thereby stabilizing the unpaired 
electron owing to special interactions with the electrons on metals in their d orbitals. 
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As a result of these two phenomena, in general •NO essentially does not react with 
molecules with covalent bonds (all electrons paired) that do not contain metal ions.

Being an extremely small, uncharged molecule with limited reactivity, •NO is 
highly diffusible in the biological milieu; at first glance, these properties would 
seem to violate the concept of specificity required for a biological signal and was 
initially a startling (and controversial) concept. Indeed, modeling studies predicted 
that with sustained •NO production (such as from iNOS), a gradient of •NO will 
extend great distances from the source, depending on the half-life of •NO [38, 39]. 
However, the actions of •NO in some systems are quite spatially confined, and, in 
fact, are highly localized to the immediate environment surrounding NOS [40]. 
The explanation(s) for this confinement of a highly diffusible molecule are unclear, 
but, could be explained by rapid reactivity at the source (e.g., with superoxide [41], 
see below) and also confinement due to pulsatile, as opposed to continuous, •NO 
production [42].

Intracellular •NO Targets: Transition Metals

The interaction between •NO and its primary protein target, the enzyme, soluble 
guanylyl cyclase (sGC), which mediates target cell responses such as vascular 
smooth muscle relaxation and platelet inhibition, has been well characterized 
although controversies remain [43, 44]. After entering the target cell, •NO binds to 
the heme moiety of sGC and activates the enzyme by inducing a conformational 
change that displaces iron out of the plane of the porphyrin ring [45]. sGC then 
catalyzes the production of cyclic GMP from GTP to elevate cyclic GMP. Cyclic 
GMP then triggers a cascade of intracellular events that culminate in a reduction in 
calcium-dependent vascular smooth muscle tone by inactivating myosin light chain 
kinase or MLCK [46]. MLCK normally phosphorylates the regulatory set of 
myosin light chains. This phosphorylation event activates cross-bridge cycling and 
initiates contraction. cGMP modulates MLCK activity by activating a cGMP-
dependent protein kinase that phosphorylates MLCK. Phosphorylation of MLCK 
diminishes its affinity for calmodulin and, as a consequence, decreases the 
phosphorylation of myosin light chain, which, in turn, stabilizes the inactive form 
of myosin. In this manner, cGMP may induce vasorelaxation by indirectly 
decreasing myosin light chain-dependent myosin activation.

In addition to the heme iron of sGC, there are three other major intracellular iron 
targets of •NO. As mentioned previously, the reaction of •NO with intraerythrocytic 
hemoglobin (either oxygenated or deoxygenated) is quantitatively the most important 
in vivo reaction of •NO [27], the major product of which is nitrate. A very minor 
reaction comparatively is the formation of S-NO-hemoglobin, which is S-nitrosated 
at a specific cysteine residue (cysb93), and which has been proposed as a major 
mechanism of blood flow and tissue oxygenation modulation in response to 
hypoxia [47, 48]. This controversial proposal is discussed in more detail below.
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Another target of •NO is the mitochondrion, which dates back to 1979 [49]. At 
relatively low levels, relevant to •NO signaling, •NO binds to the same mitochon-
drial site as O

2
, thus exhibiting competitive kinetics with O

2
 [50]. This competition 

may have critically important consequences in intracellular signaling events, 
including the generation of reactive oxygen species (see below), as well as major 
influences on cellular and tissue distribution of •NO and of O

2,
 and possible contri-

butions to tissue hypoxic vasodilation [39, 51].
Intracellular nonheme iron (NHI) is also a target for •NO. One effect of such •NO 

binding is to produce iron–•NO complexes which are visible by electron paramag-
netic resonance (EPR) spectroscopy. Observation of these signals was important in 
developing concepts of cellular actions of •NO in the early stages of the mammalian 
•NO field [52, 53]. It was initially believed that the origin of the NHI under these 
conditions is mitochondrial iron–sulfur centers (which are targets of •NO under condi-
tions of high, inflammatory levels of •NO [54]), but quantitative and kinetic evidence 
now appears to support the so-called “chelatable iron pool” as the iron source [55].

Intracellular •NO Targets: Radicals

•NO reacts at near-diffusion controlled rates with other radicals, and these reactions 
can have either damaging or protective effects due to three results of such reactions: 
(1) removal of •NO, (2) removal of the radical with which •NO reacts, and (3) formation 
of products that also may be very reactive [56]. Arguably the most important •NO/
radical reaction (certainly the most discussed in the literature, especially with refer-
ence to the effects of •NO in disease conditions) is the extremely rapid reaction with 
the superoxide anion radical (O

2
•−). O

2
•− is perhaps the “canonical” reactive oxygen 

species; the discovery in 1969 of the enzyme which detoxifies it (superoxide dis-
mutase) by McCord and Fridovich being responsible for the birth of the entire field 
[57]. So it might seem that the •NO + O

2
•− reaction would only be protective, but in 

fact, the two other effects of the reaction are in principle damaging because it 
decreases the beneficial activities of •NO and also the product (peroxynitrite, 
ONOO−) is an even more damaging ROS than O

2
•− [58, 59]. There are several well-

established sources of O
2
•− that are relevant to the modulation of •NO signaling, as 

described below.

Current Aspects of •NO in Health and Disease:  
A Janus-Faced Molecule

The Cardiovascular System

The endothelium is the thin layer of cells that line the interior surface of blood 
vessels, forming an interface between circulating blood in the lumen and the rest of 
the vessel wall. Endothelial cells line the entire circulatory system, from the heart 
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to the smallest capillary. Endothelial dysfunction is a loss of normal biochemical 
processes carried out by the endothelium and is a hallmark for a plethora of vascular 
diseases, and often leads to atherosclerosis. This is very common, for example, in 
patients with diabetes mellitus, hypertension, or other chronic pathophysiological 
conditions with a substantial cardiovascular component. Abnormal vasodilation as 
an important component of endothelial dysfunction arises from variations in blood 
flow observed in patients with atherosclerosis compared with healthy subjects [60]. 
In healthy subjects, activation of eNOS causes vasodilation in both muscular conduit 
vessels and resistance arterioles. In contrast, in subjects with atherosclerosis, similar 
stimulation yields attenuated vasodilation in peripheral vessels and causes 
paradoxical vasoconstriction in coronary arteries, thus indicating a decrease in the 
availability of •NO [61, 62]. Interestingly, endothelial dysfunction can be demon-
strated in patients with risk factors for atherosclerosis in the absence of atheroscle-
rosis itself [63, 64]. In addition, feeding healthy volunteers a high-fat meal leads to 
endothelial vasodilator dysfunction in a time span of just a few hours [65]. 
Experimental and clinical studies provide evidence that defects of endothelial •NO 
function is not only associated with all major cardiovascular risk factors, such as 
hyperlipidemia, diabetes, hypertension, smoking, and severity of atherosclerosis, 
but also has a profound predictive value for future atherosclerotic disease progres-
sion [60]. This concept is illustrated in Fig. 11.2. Therefore, the dysfunctional 
eNOS/•NO pathway (including both •NO formation and also disappearance) 
provides an ideal target for therapeutic or preventive intervention once •NO homeo-
stasis is better understood in atherosclerosis.

Potential mechanisms of endothelial dysfunction include increased vascular 
contraction to vasoconstrictors, such as endothelin-1, thromboxanes, and serotonin 
[66]; enhanced thrombus formation; and exacerbated smooth muscle cell (SMC) 
proliferation and migration [67]. Decreased •NO production may be the result of 
oxidized LDL-mediated displacement of eNOS from plasmalemmal caveolae, 
thereby inhibiting acetylcholine-induced activation of the enzyme [68]. Moreover, 
decreased •NO increases the tendency for lesion progression by enhancing vascular 
smooth muscle proliferation and migration, augmenting platelet activation and 
thrombosis, possibly participating in intravascular neovascularization, and favoring 
adverse lipid modification [69]. Once lesions have developed, endothelial dysfunc-
tion may exacerbate development of clinical events. Impaired endothelium may 
abnormally reduce vascular perfusion, produce factors that decrease plaque stability, 
and augment the thrombotic response to plaque rupture [70]. Augmentation of •NO 
or restoration of NOS function seems a logical means by which to inhibit athero-
sclerosis. However, overexpression of endothelial NOS accelerates lesion formation 
in apoE-deficient mice [71] demonstrating that enhanced NOS-derived •NO may 
not always be beneficial. Supplementation with tetrahydrobiopterin (BH

4
) reduced 

the lesion size to those seen in Apo E knockout mice revealing the requirement of 
enzyme cofactors. Even with BH

4
 supplementation, there was still no effect on 

lesion development.
The physiological effects of •NO extend well beyond the vascular endothelium. 

Radomski et al. [72] has shown that human platelets contain a NOS that is activated 
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when platelets are stimulated to aggregate. Thus, platelets themselves also have the 
enzymatic capacity to synthesize •NO with both a constitutive and inducible form 
of NOS identified in human megakaryoblasts [73]. NOS activity increases with 
platelet activation, and this response appears to modulate platelet aggregation, 
thereby potentially limiting the self-amplification of platelet thrombus formation 
in vivo [74, 75]. It was also reported early on that human neutrophils inhibit platelet 
aggregation by releasing an •NO-like factor [76]. These antithrombotic properties 
of the endothelium may be a consequence of the synergistic action of •NO and 
prostacyclin. Radomski et al. [77] have shown the synergistic antiaggregatory 
effects of •NO and prostacyclin on platelets. •NO and prostacyclin may act in 
concert to oppose local vasospasm or thrombus formation at sites where platelets 
aggregate and the coagulation cascade is activated. It has also been proposed that 
the antiplatelet effects of endothelial-derived •NO may prevent thromboembolic 

Fig. 11.2 The innermost lining of our blood vessels is single layer of endothelial cells. Healthy 
endothelial cells produce nitric oxide to combat disease and regulate blood pressure. Endothelial 
dysfunction is defined by the inability of the vessels to transduce •NO activity, either by inability 
to produce from l-arginine or inactivation by superoxide (O

2
•−)
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events during administration of potent prostacyclin inhibitors such as aspirin [78]. 
In this regard, •NO acts as an antiinflammatory molecule.

Endothelial dysfunction in the setting of cardiovascular risk factors has been 
shown to be, at least in part, dependent on the production of ROS, such as superoxide, 
and the subsequent decrease in vascular availability of nitric oxide. ROS production 
has been demonstrated to occur in the endothelial cell and also within the media 
and adventitia, all of which may impair •NO signaling within vascular tissue to 
endothelium-dependent but also endothelium-independent vasodilators [60]. More 
recent experimental but also clinical studies point to the pathophysiological impor-
tance of the xanthine oxidase, the vascular NADPH oxidase, mitochondria, and 
uncoupled endothelial nitric oxide synthase as significant enzymatic superoxide 
sources. These phenomena are described below.

The mitochondrial respiratory chain can be a major source of superoxide. 
During aerobic metabolism, the oxidation/reduction energy of mitochondrial electron 
transport is converted to the high-energy phosphate bond of ATP via a multicom-
ponent electron transfer complex. Molecular oxygen serves as the final electron 
acceptor for cytochrome c oxidase (complex IV), the terminal component of the 
respiratory chain, and is ultimately reduced to water (H

2
O). Up to 1–4% of O

2
 even 

under normal physiological conditions may be incompletely reduced, resulting in 
O

2
•− formation, mainly at complex I (NADH coenzyme Q reductase) and complex 

III (ubiquinol Cyt c reductase) [79]. Increased mitochondrial O
2
•− generation can be 

enhanced in certain conditions such as conditions of metabolic perturbation, 
hypoxia-reoxygenation and ischemia-reperfusion, where the enhanced O

2
•− is at 

least partially responsible for an increase in endothelial permeability [80].
Xanthine oxidoreductase (XO) is a ubiquitous metalloflavoprotein found as one 

of two interconvertible yet functionally distinct forms, namely, xanthine dehydro-
genase (XD), which is constitutively expressed in vivo, and XO, which is generated 
by the posttranslational modification of XD [81]. Functionally, both XD and XO 
catalyze oxidation of hypoxanthine to xanthine and xanthine to urate. However, 
whereas XD requires NAD+ as an electron acceptor, XO instead requires the 
reduction of molecular O

2
, thereby generating O

2
•− . The conversion of XD to XO 

occurs either through reversible thiol oxidation of sulfhydryl residues on XD or via 
irreversible proteolytic cleavage of a segment of XD during hypoxia, ischemia, or 
in the presence of various proinflammatory mediators ((e.g., tumor necrosis factor-
a (TNF-a)) [81]).

Dysfunctional or uncoupled NOSs are also a source of O
2
•−. The essential NOS 

cofactor, tetrahydrobiopterin (BH
4
), appears to have a key role in regulating NOS 

function by “coupling” the reduction of molecular O
2
 to l-arginine oxidation as 

well as maintaining the stability of NOS dimers [82]. Thus, BH
4
 availability may 

be a crucial factor in the balance between •NO and O
2
•− generation by eNOS. 

Furthermore, BH
4
 itself is highly susceptible to oxidative degradation, and the initial 

oxidative loss of BH
4
 in response to increased ROS production by NADPH 

oxidases (see below) has been shown to amplify oxidative stress through the 
resulting loss of •NO production and increased NOS-dependent O

2
•− generation [83]. 

In addition to increased catabolism or degradation, another reason for BH
4
 deple-

tion may be its reduced synthesis.
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In recent years, it has become apparent that endothelial cells and other 
nonphagocytic cells constitutively express a O

2
•− -generating enzyme analogous to 

the phagocyte NADPH oxidase of neutrophils [84]. All the classical neutrophil 
oxidase components are expressed in endothelial cells, but the enzyme nevertheless 
exhibits several major differences from the neutrophil oxidase; for example, 
it continuously generates a low level of O

2
•− even in unstimulated cells, although 

its activity can be further increased by several agonists; and a substantial proportion 
of the O

2
 generated by the enzyme is produced intracellularly, whereas neutrophil 

oxidase O
2
 generation occurs mainly in the extracellular compartment.

Normal physiological processes are continuously generating superoxide and 
other oxygen radicals that can quickly and effectively inactivate •NO. Fortunately 
there are a number of antioxidant systems, both enzymatic and nonenzymatic, that 
help to limit the amount of ROS produced to preserve •NO activity. It appears that 
the production of •NO is a war of attrition. There are many circumstances in the pro-
duction pathway that can diminish its output but there are also many physiological 
factors that can quickly inactivate •NO once it has been successfully produced.

ROS such as superoxide are produced in abundance in the dysfunctional 
endothelium and limitation of ROS generation increases the availability of •NO. For 
this reason antioxidant therapy with vitamin C and cholesterol-lowering therapy 
with statins (HMG-CoA reductase inhibitors) improve endothelial function [60]. 
An alternative approach to increase levels of bioactive •NO and to improve endothe-
lial function is to increase the synthesis of •NO. Enhanced synthesis of •NO can be 
achieved by increased availability of agonists that stimulate release of •NO from the 
endothelial cells, like bradykinin, assuming a healthy endothelium and sufficient 
cofactor to supply the NOS enzymes. Another straightforward approach to increase 
•NO synthesis is to provide additional substrate (l-arginine) to the endothelial cell 
[85]. Furthermore, l-arginine takes part in protein production, endocrine functions, 
wound healing, and erectile function. It is not regarded as an essential amino acid 
as the adult human is able to synthesize l-arginine de novo via the urea cycle. In adults, 
the synthesis of l-arginine results in citrulline, a by-product of the glutamine 
metabolism in the gut and in the liver. Citrulline is excreted into the circulation and 
is reabsorbed in the kidney and converted to l-arginine. l-Citrulline is reformed if 
l-arginine is shunted through the NOS pathway. The dietetic application of l-arginine 
is the basic determinant of the l-arginine level in plasma, as the biosynthesis of 
l-arginine is not able to balance inadequate intake or deficiency. Providing supple-
mentation substrate to individuals with inadequate •NO, therefore, has been sug-
gested as a rational approach to increase •NO production by NOS [85].

Erythrocytes as Delivery Agents for •NO

The phenomenon of hypoxic vasodilation, whereby vessels dilate under decreased 
O

2
 conditions, has been known for more than a century but the mechanism is not 

clear; in particular it is not clear as to what the “sensor” is that detects hypoxia and initiates 
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a response. In 1995 Ellsworth et al. [86] proposed that the sensor is intraerythrocytic 
hemoglobin, which responds by increasing release of ATP to induce vasodilation. 
Shortly thereafter, Jia et al. [47] advanced a surprising alternative mechanism for 
the hemoglobin signal: rather than simply being an irreversible sink for •NO, hemo-
globin within the red blood cell actually reacts with the •NO in the lung (where O

2
 

levels are high) forming S-nitrosohemoglobin (SNOHb) and releases it in vascular 
beds where O

2
 is low (hypoxia). Important evidence for this was the report that the 

levels of SNOHb are higher in the arterial than the venous circulation, implying 
liberation of •NO upon transit through the hypoxic region (called the A/V transit). 
Gladwin et al. [87] subsequently found no change in SNOHb upon the A/V transit; 
however, there was significant consumption of plasma nitrite upon induction of 
hypoxia by exercise, and subsequent work suggested that deoxygenation of hemo-
globin induces reaction with nitrite to produce •NO. These three mechanisms of 
hypoxic vasodilation (ATP, SNOHb, and nitrite) are highly controversial and may 
in fact be interrelated [88, 89].

Independent of its validity as the mechanism for hypoxic vasodilation, a series 
of recent studies have shown that nitrite administration is remarkably salutatory for 
a variety of clinically significant applications, including myocardial infarction, 
stroke, hypertension, angiogenesis, and organ transplantation [90]. In addition, a 
report by Kleinbongard et al. [91] demonstrates that plasma nitrite levels progres-
sively decrease with increasing cardiovascular risk load indicating a reduction in 
nitric oxide produced. Risk factors considered include age, hypertension, smoking, 
and hypercholesterolemia, conditions all known for reduced availability of •NO. 
Although a correlation exists in the plasma, it is not known whether the situation is 
mirrored in the heart or other tissue at risk for ischemic injury or disease. If so, tissue 
nitrite may serve as an index of risk and restoring tissue nitrite may act as a first 
line of defense for protecting organs from ischemic and/or I/R injury. Since a sub-
stantial portion of steady-state nitrite concentrations in blood and tissue are derived 
from dietary sources, modulation of nitrite intake may provide a first line of defense 
for cardiovascular disease [92].

The Immune System

•NO is also generated by macrophages and neutrophils as part of the human immune 
response. •NO is toxic to bacteria and other human pathogens. It is the inducible 
isoform of NOS that is responsible for macrophage •NO production. Inducible NOS 
has been found in many cell types, including macrophages [5], and is immunologi-
cally activated by exposure to bacterial endotoxin or pro-inflammatory cytokines 
such as interleukin-1, or interferon-gamma [93, 94], and tumor necrosis factor. 
The presence of iNOS message or protein can serve as a biomarker for inflamma-
tion in tissues. The iNOS protein may remain present for several days [95]. 
At these high concentrations and flux rates, •NO is cytotoxic and plays a key 
role in the immune response of macrophages to bacteria and other pathogens. 
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Antimicrobial activity and •NO production parallel tumor necrosis factor activity 
and a strong correlation exists between antimicrobial activity and production of 
l-Arg-derived •NO by cytokine-activated cells observed during in vitro studies [96]. 
The precise mechanism of •NO-mediated bactericidal and tumoricidal activity is 
unknown, but these observations suggest that macrophage •NO production contributes 
to nonspecific immunity. •NO from activated macrophages may be responsible for 
the profound loss of vascular tone seen in septic patients [97]. It is this relative 
overproduction of •NO and the subsequent vasodilation that are thought to mediate 
•NO’s pathophysiologic role during sepsis and multiorgan failure during hypovolemia 
and hypoxia. Despite the rapid progress in our understanding of the complex 
physiological and pathophysiological processes involving •NO, uncertainties 
remain with regard to the critical cellular targets of •NO cytotoxicity, the relative 
importance of different •NO redox states and carrier molecules, and the importance 
of the •NO antimicrobial system in human phagocytes. Ultimately, the immuno-
regulatory and vasoregulatory activities of •NO may prove to be just as important 
as its antimicrobial properties during infection.

The Nervous System

In the central nervous system, •NO is a neurotransmitter that underpins several 
functions, including the formation of memory. Recurrent as in other organ systems, 
this •NO pathway may also play a role in the pathology of the central nervous 
system. The NOS isoform in the nervous system is activated by glutamate acting 
on N-methyl-d-aspartate receptors. In a matter of seconds the glutamate-induced 
increase in intracellular calcium concentration activates NOS via the calcium/
calmodulin interaction as previously described. Under most circumstances, eNOS 
and nNOS are constitutive in the sense that their activation does not require new 
enzyme synthesis. However, both forms of NOS are inducible in that new enzyme 
synthesis occurs primarily under conditions of traumatic or pathological insult. 
The calcium influx that accompanies prolonged NMDA receptor activation is 
associated with degeneration of the neurons through a mechanism(s) that involves 
•NO, but is still not precisely clear [98]. The dichotomy of both the protective and 
deleterious actions of •NO is again revealed in the nervous system.

In the periphery, there is a widespread network of nerves, previously recognized 
as nonadrenergic and noncholinergic (NANC), that operate through a •NO-dependent 
mechanism to mediate some forms of neurogenic vasodilation and regulate various 
gastrointestinal, respiratory, and genitourinary tract functions, as well as autonomic 
innervation of smooth muscle in the gastrointestinal tract, the pelvic viscera, the 
airways, and other systems [99]. NOS has been detected in the gastric mucosa, and 
•NO appears to play a role in protecting the gastric mucosa during physiologic 
stress by acting as an endogenous vasodilator and thus supporting mucosal blood 
flow [100]. The exact mechanism of •NO’s protective effect is unclear, but may 
relate to vasodilation, inhibition of platelet aggregation in the gastric microvasculature, 
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or a protective effect on the epithelial cells themselves [101]. However, alternative 
means to enhance •NO in the periphery and stomach will certainly provide benefit 
to a number of conditions.

Conclusion

Nitric oxide research has expanded rapidly in the past 30 years, and the roles of •NO 
in physiology and pathology have been extensively studied. The pathways of •NO 
synthesis, signaling, and metabolism in vascular biological systems have been and 
continue to be a major area of research. As a gas (in the pure state and under stan-
dard temperature and pressure) and free radical with an unshared electron, •NO 
participates in various biological processes. Understanding its production, regula-
tion, and molecular targets will be essential for the development of new therapies 
for various pathological conditions characterized by an un-balanced production and 
metabolism of •NO.
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Introduction

In	1998,	the	Nobel	Prize	in	Physiology	or	Medicine	was	awarded	jointly	to	Robert	
Furchgott, Louis Ignarro, and Ferid Murad for their discoveries concerning “nitric 
oxide as a signaling molecule in the cardiovascular system.” In 1977, Ferid Murad 
and colleagues proposed that nitroglycerin and related vasodilator compounds act 
by	 generating	 nitric	 oxide	 (NO).	 In	 1980,	 Furchgott	 and	 Zawadski	 described	
endothelium-derived relaxing factor, which, ten years later, Ignarro and colleagues 
reported was equivalent to NO.
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Nitric	oxide	is	a	free	radical	with	a	short	half-life	in	biological	fluids.	It	is	not	
only	rapidly	oxidized	to	nitrite	and	nitrate,	but	can	also	react	with	several	types	of	
intracellular targets including superoxide leading to the production of the strong oxi-
dant,	peroxynitrite.	Nitric	oxide	or	NO	metabolites	can	nitrosylate	 thiol-containing	
amino	acids,	thereby	modulating	the	activities	of	a	variety	of	enzymes,	including	
caspases. Nitric oxide also reacts with heme-containing proteins including hemo-
globin,	mitochondrial	cytochromes,	and	soluble	guanylyl	cyclase	(sGC).	The	rapid	
reaction	of	NO	with	oxyhemoglobin	(containing	Fe2+-heme) leads to the formation 
of	methemoglobin	(containing	Fe3+-heme)	and	nitrate.	Nitric	oxide	inhibits	electron	
transport	 by	 competing	 with	 oxygen	 for	 heme	 moieties	 in	 mitochondrial	 cyto-
chrome enzymes.

Binding of NO to the heme moiety in sGC activates the enzyme leading to the 
synthesis	of	cyclic	GMP	(cGMP)	from	GTP.	cGMP	reacts	with	a	variety	of	intracel-
lular targets including phosphodiesterases (PDEs), cyclic nucleotide-gated ion chan-
nels,	 and	 cGMP-dependent	 protein	 kinases.	 cGMP	 activation	 of	 cGMP-dependent	
protein	kinases	modulates	a	broad	range	of	biological	processes	including	vascular	
relaxation,	 inhibition	 of	 platelet	 and	 leukocyte	 activation,	 and	 modulation	 of	
gastrointestinal	motility	and	neurotransmission.	The	actions	of	cGMP	are	limited	
by	PDEs,	some	of	which	are	cGMP-specific	(e.g.,	PDE5).

Nitric oxide-generating drugs, including nitroglycerin and sodium nitroprusside, 
have	long	been	used	by	clinicians	to	treat	patients	with	a	broad	spectrum	of	cardio-
vascular	diseases	including	angina	pectoris	and	systemic	hypertension.	The	appli-
cation of NO-donor compounds to treat patients with pulmonary hypertension is 
severely	limited	by	the	systemic	vasodilator	effects	of	these	agents	[1]. Moreover, 
in	patients	with	lung	injury	and	ventilation–perfusion	mismatch,	systemic	adminis-
tration of NO-donor compounds reduces hypoxic pulmonary vasoconstriction lead-
ing to a deterioration of oxygenation (due to enhanced perfusion of poor-ventilated 
lung regions).
A	 variety	 of	 novel	 drugs	 have	 been	 developed	 that	 target	 cGMP	 metabolism	

including	 PDE5	 inhibitors	 used	 to	 treat	male	 erectile	 dysfunction	 and	 pulmonary	
hypertension. More recently, agents which sensitize sGC to NO and/or directly 
activate	the	enzyme	are	being	evaluated	as	treatments	for	pulmonary	and	systemic	
hypertension	[2, 3].
In	this	chapter,	we	describe	the	development	of	inhaled	NO	as	a	therapeutic	

strategy to increase pulmonary vascular NO and cGMP concentrations. Inhaled 
NO induces pulmonary vasodilation without the side effects of systemic 
hypotension or hypoxemia. An overview of how inhaled NO elicits its effects is 
provided, and alternate approaches to increasing pulmonary NO and cGMP con-
centrations are considered. Several of the clinical applications of inhaled NO are 
presented, as is a discussion of the methods required for the safe administration 
of	NO	gas.	Finally,	we	present	experimental	and	clinical	observations	highlight-
ing the potential applications of inhaled NO to the treatment of systemic vascular 
diseases.
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Inhaled NO is a Selective Pulmonary Vasodilator

Pulmonary-selective therapies are useful in a variety of disease states. For example, 
inhaled b-adrenergic agents and glucocorticoids are highly efficacious for treat-
ment of asthma, while avoiding the important side effects associated with these 
drugs when they are administered systemically. Could inhalation of NO gas or a 
NO-donor	 compound	 be	 used	 to	 treat	 pulmonary	 hypertension	 without	 causing	
systemic	hypotension	or	impairing	ventilation–perfusion	matching?

Prior to 1990, NO gas was viewed, almost exclusively, as a poison. Nitric oxide 
is	 generated	 by	 combustion	 engines	 and	 in	 chemical	 synthesis	 reactions	 used	 in	
industry.	Nitric	oxide	levels	can	reach	1,000	ppm	in	tobacco	smoke	[4]. Nitric oxide 
reacts with oxygen in the atmosphere to form nitrogen dioxide (NO

2
), one of the 

greenhouse gases. NO
2
, in turn, can react with water to form nitric acid, which 

causes	lung	injury.	These	considerations	and	others	led	the	US	Occupational	Safety	
and	 Heath	 Administration	 to	 establish	 a	 permissible	 exposure	 limit	 for	 NO	 of	
25	ppm	averaged	over	an	8-h	work	shift.
Zapol	and	Frostell	hypothesized	that	inhalation	of	low	concentrations	of	NO	gas	

would	 be	 sufficient	 to	 relax	 pulmonary	 vascular	 smooth	 muscle	 [5]. Moreover, 
upon	reaching	the	bloodstream,	NO	would	be	rapidly	inactivated	by	oxyhemoglo-
bin	avoiding	the	systemic	vasodilation	seen	with	NO-donor	compounds	(Fig.	12.1). 
The	methemoglobin	formed	in	the	reaction	of	NO	with	oxyhemoglobin	would	be	
reduced	to	hemoglobin	by	methemoglobin	reductase	present	in	erythrocytes.	These	
investigators	 studied	 conscious	 instrumented	 adult	 lambs	 in	 which	 pulmonary	

lung
NO
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arteriole systemic

arteriolePAP
SAP

NO NO
NO

NO

leukocytes

platelets

blood-borne NO metabolites:
nitrate, nitrite, S-nitrosothiols,

N-nitrosamines, nitrosyl-heme,
SNO-hemoglobin

erythrocytes

Fig. 12.1 Inhaled NO is a selective pulmonary vasodilator with actions on the systemic vascula-
ture.	A	schematic	of	an	alveolar-capillary	unit	is	presented	highlighting	the	ability	of	inhaled	NO	
to dilate pulmonary arterioles and reduce pulmonary artery pressure (PAP). Inhaled NO does not 
dilate systemic arterioles or alter systemic arterial pressure (SAP) under normal conditions. 
Inhaled	NO	does	have	systemic	effects,	which	are	described	in	the	text	and	which	may	be	medi-
ated	by	circulating	cells	exposed	to	NO	in	the	lungs	and	blood-borne	NO	metabolites.	Adapted	
with	permission	from	Bloch	et	al.	[103]
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hypertension	was	induced	by	systemic	administration	of	the	thromboxane	analog,	
U46619,	or	by	reducing	the	oxygen	concentration	in	the	inhaled	gas	mixture.	By	
minimizing the time during which NO was mixed with oxygen prior to delivery 
to the animal, levels of inhaled NO

2
	were	maintained	below	5	ppm.	Breathing	NO	

rapidly reduced pulmonary artery pressure (PAP) in a dose-dependent manner; 
inhalation of 80 ppm nearly completely reversed the pulmonary hypertension. 
The	 pulmonary	 vasodilator	 effects	 of	 breathing	 NO	 were	 rapidly	 reversible.	
Interestingly	in	the	absence	of	pulmonary	vasoconstriction,	breathing	NO	did	not	
alter	 pulmonary	 vascular	 resistance	 (PVR).	Most	 importantly,	 breathing	 up	 to	
80	ppm	NO	did	not	alter	systemic	blood	pressure	and	did	not	cause	lung	injury.	
Moreover,	 breathing	 80	 ppm	 NO	 for	 up	 to	 3	 h	 did	 not	 significantly	 increase	 
methemoglobin	levels.

Mechanisms Responsible for the Pulmonary  
Vasodilator Effects of Breathing NO

As	 noted	 above,	 NO	 signals	 via	 both	 cGMP-dependent	 and	 cGMP-independent	
mechanisms. Several lines of evidence suggest that inhaled NO induces pulmonary 
vasodilation via a cGMP-dependent mechanism. In early studies, it was reported 
that	 breathing	NO	 led	 to	 an	 increase	 in	 plasma	 cGMP	 levels	 [6]. Differences in 
arterial and venous cGMP levels suggested that the lungs were net producers of 
cGMP	during	NO	inhalation	[7].
Strategies	 designed	 to	 decrease	 cGMP	 metabolism	 by	 inhibiting	 PDE5	 aug-

mented	the	pulmonary	vasodilator	effects	of	inhaled	NO	in	animal	models	[8] and 
in	patients	with	pulmonary	hypertension	[9, 10]. In addition, administration of an 
agent that sensitizes sGC to NO, BAY41-2272, augmented the pulmonary vasodila-
tor	effects	of	 inhaled	NO	[11].	As	noted	above,	pulmonary	vasodilator	effects	of	
breathing	NO	do	not	persist	after	gas	administration	is	discontinued.	On	the	other	
hand, during BAY41-2272 infusion, the duration of pulmonary vasodilation after 
discontinuing NO was greater than the duration of the pulmonary vasodilation in 
the	 absence	 of	BAY	41-2272.	These	 findings	 suggest	 that	 it	may	 be	 possible	 to	
develop strategies for pulmonary vasodilation that require only intermittent 
administration	of	NO	thereby	reducing	the	amount	of	gas	needed	and	potentially	
improving patient convenience.

sGC is a heterodimer composed of an a	subunit	and	a	b	subunit.	Although	the	
mammalian genome has two a	subunits	and	two	b	subunits,	only	a1b1 and a2b1 
appear	to	be	active,	and	a1b1	is	thought	to	be	the	predominant	isoform	in	the	heart	
and vasculature. Janssens and his team reported that inhaled NO cannot induce 
pulmonary vasodilation in mice deficient in the sGC a1b1	isoform	[12].
Taken	together,	these	results	strongly	support	the	concept	that	inhaled	NO	vaso-

dilates	 the	pulmonary	vasculature	via	 its	 ability	 to	 stimulate	 cGMP	synthesis	by	
sGC.	The	clinical	applications	of	the	combination	of	inhaled	NO	with	PDE5	inhibi-
tors or sGC activators remains relatively unexplored.
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Alternative Strategies to Increase Pulmonary NO and/or  
cGMP Concentrations Using Inhaled Drugs

Inhalation of NO-donor compounds is effective for treatment of systemic and 
pulmonary vascular diseases. For example, inhaled nitroglycerin is used to treat 
chest pain in patients with angina pectoris. In animals with pulmonary hypertension, 
aerosol	 inhalation	of	nitroglycerin	 [13, 14]	or	sodium	nitroprusside	 [15] reduced 
PAP,	but	higher	doses	also	lowered	systemic	blood	pressure.	In	small	clinical	series,	
inhalation	 of	 nitroprusside	 improved	 oxygenation	 in	 hypoxic	 neonates	 [16] and 
reduced	PAP	and	PVR	in	children	with	congenital	heart	disease	(CHD)	[17].

Stamler and colleagues have explored the pulmonary vascular effects of inhaling 
an S-nitrosothiol, O-nitrosoethanol, which is resistant to reaction with oxygen or 
superoxide	[18]. Inhalation of O-nitrosoethanol induced selective pulmonary vaso-
dilation in hypoxic piglets. In a small non-randomized clinical study, these investi-
gators reported that O-nitrosoethanol inhalation improved oxygenation and 
systemic	hemodynamics	in	hypoxemic	newborns	[19].

Gladwin and colleagues have studied the therapeutic applications of nitrite as a 
NO	reservoir	[20].	Nitrite	can	be	converted	to	NO	by	a	variety	of	enzymes	includ-
ing	hemoglobin	and	xanthine	oxidoreductase.	Hunter	and	colleagues	reported	that	
inhalation	 of	 high	 concentrations	 of	 nitrite	 reduced	PAP	 in	 newborn	 lambs	with	
hypoxia-	 and	 U46619-induced	 pulmonary	 vasoconstriction	 [21]. More recently, 
these investigators reported that intermittent administration of a low-dose nitrite 
aerosol could attenuate pulmonary vascular remodeling in rodent models of pulmo-
nary	arterial	hypertension	(PAH)	[22].
A	variety	of	 other	 strategies	using	 inhaled	molecules	have	been	developed	 to	

increase	 pulmonary	 cGMP	concentrations.	Studying	 awake	 lambs	with	U46619-
induced pulmonary hypertension, Ichinose and colleagues demonstrated that inha-
lation	 of	 the	 PDE5	 inhibitors,	 zaprinast	 or	 sildenafil,	 can	 selectively	 dilate	 the	
pulmonary	 vasculature	 and	 potentiate	 the	 effects	 of	 inhaled	NO	 [23, 24]. More 
recently, Evgenov and colleagues studied the pulmonary vasodilator effects of 
inhaling	sGC	stimulators	encapsulated	in	a	biodegradable	microparticle	[25].	They	
observed	 that	 inhalation	of	microparticles	containing	BAY	41-8543	 induced	sus-
tained	pulmonary	vasodilation	 in	conscious	sheep	and	could	markedly	potentiate	
the	effects	of	inhaled	NO.	Of	note,	the	ability	of	PDE5	inhibitors	and	sGC	activa-
tors	to	potentiate	the	pulmonary	vasodilator	effects	of	NO	appeared	to	be	greater	
when the agents were delivered as an inhaled aerosol than when they were admin-
istered as an intravenous infusion.

Clinical Applications

Over the past 20 years, the application of inhaled NO to a wide variety of pulmo-
nary	and	systemic	disorders	has	been	explored	in	experimental	models	and	clinical	
trials. In this chapter, we highlight the application of inhaled NO to treat hypoxia 
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in	the	newborn,	to	prevent	the	development	of	bronchopulmonary	dysplasia	(BPD)	
in premature infants, to improve matching of ventilation and perfusion, and to 
unload the right ventricle.

Persistent pulmonary hypertension of the newborn: Infants with PPHN typically 
present	 shortly	 after	 birth	 with	 respiratory	 distress	 and	 cyanosis,	 but	 with	 a	
	structurally	normal	heart	[26]. In these infants, the pulmonary vasculature fails to 
dilate	 normally	 with	 the	 first	 few	 breaths	 after	 birth,	 and	 high	 PVR	 leads	 to	
	right-to-left	shunting	of	deoxygenated	blood	via	the	ductus	arterious	and/or	fora-
men	 ovale	 resulting	 in	 severe	 hypoxemia.	 The	 systemic	 hypoxemia	 in	 PPHN	
often fails to improve with conventional therapies (e.g., supplemental oxygen), 
and	 acidosis	 and	 further	 pulmonary	 vasoconstriction	 may	 develop	 [27]. 
Extracorporeal	membrane	oxygenation	(ECMO)	is	commonly	required	to	rescue	
these infants.
The	 incidence	 of	 PPHN	 is	 estimated	 at	 0.2%	 of	 live-born	 term	 or	 near-term	

infants (³34	weeks	gestation).	Persistent	pulmonary	hypertension	of	the	newborn	
(PPHN)	may	be	associated	with	normal	lung	parenchyma	and	excessively	muscu-
larized pulmonary vessels (idiopathic PPHN). In other cases, hypoplastic pulmonary 
vasculature, such as that associated with congenital diaphragmatic hernia, may 
cause	 pulmonary	 hypertension	 to	 persist	 after	 birth.	 In	 addition,	 PPHN	 is	 often	
associated with other conditions in which perinatal pulmonary vasodilation is 
inhibited	including	pulmonary	diseases	and	sepsis.
Two	pilot	studies	reported	in	the	Lancet	in	1992	demonstrated	that	breathing	NO	

could	increase	oxygenation	in	severely	hypoxemic	newborns	with	PPHN	without	
causing	systemic	hypotension	[28, 29]. Multicenter randomized controlled studies 
confirmed	that	breathing	NO	can	increase	systemic	oxygen	levels	in	term	and	near-
term	babies	with	hypoxemia	and	pulmonary	hypertension	and	reduce	the	need	for	
ECMO	[30, 31].	It	is	important	to	note	that	breathing	NO	did	not	improve	survival	
in	PPHN	patients	in	these	trials	likely	because	ECMO	was	used	as	a	rescue	therapy	
for infants with persistent hypoxemia. Moreover, inhaled NO did not improve sur-
vival or reduce ECMO use in infants with hypoxemia associated with congenital 
diaphragmatic	hernia	[32]. Hypoxemia in term and near-term infants with pulmo-
nary hypertension is the only indication for which treatment with inhaled NO is 
currently	approved	by	the	US	Food	and	Drug	Administration.

Bronchopulmonary dysplasia:	 BPD	 is	 a	 chronic	 respiratory	 disease	 observed	 in	
premature	infants	who	experience	lung	injury	due	to	oxygen	therapy	and	mechanical	
ventilation.	Pathologic	findings	are	characterized	by	alveolar	hypoplasia	with	reduced	
surface	area	available	for	gas	exchange	and	abnormal	pulmonary	vascular	develop-
ment, which sometimes leads to pulmonary hypertension. In experimental animal 
models	 of	 BPD,	 breathing	 NO	 appeared	 to	 enhance	 lung	 growth	 [33–35] and 
decrease	pulmonary	vascular	disease.	An	early	report	by	Kinsella	and	colleagues	
suggested	 that	 breathing	 NO	 did	 not	 increase	 the	 survival	 of	 severely	 hypoxic	
premature	newborns	at	risk	for	BPD	[36]. However, in a single center randomized 
controlled	 trial,	Schreiber	and	colleagues	observed	 that	breathing	NO	decreased	
the	incidence	of	BPD	and	mortality	in	pre-term	infants	[37]. Multiple multicenter 



19312 Inhaled Nitric Oxide

randomized controlled trials have followed up on these findings with mixed results. 
Comparison	 of	 these	 trials	 is	 challenging	 because	 of	 differences	 in	 the	 patient	
populations studied, as well as the dose, duration, and timing of NO administration. 
In two trials, early treatment of severely hypoxemic premature infants with inhaled 
NO did not reduce the incidence of BPD and tended to increase the frequency of 
severe	intraventricular	cerebral	hemorrhage	(IVH)	[38, 39].	However,	in	subgroup	
analyses,	 it	 appeared	 that	 NO	 inhalation	 by	 larger	 infants	 (>1	 kg	 birth	 weight)	
reduced the incidence of BPD and IVH. Moreover, in another multicenter clinical 
trial	in	which	older	infants	(7–21	days	of	age)	at	increased	risk	of	developing	BPD	
were	studied,	breathing	NO	also	reduced	the	incidence	of	BPD	[40]. On the other 
hand, in a recently completed trial of premature infants with mild to moderate 
respiratory	 distress,	 inhaled	 NO	 did	 not	 prevent	 BPD	 and	 did	 not	 reduce	 brain	
injury	 [41].	Whether	 or	 not	 inhaled	NO	 is	 beneficial	 in	 subgroups	 of	 premature	
infants	remains	to	be	determined.

Improving matching of ventilation and perfusion with inhaled NO: In acute respiratory 
distress	 syndrome	 (ARDS)	 and	 acute	 lung	 injury	 (ALI),	 perfusion	 of	 poorly-	
ventilated lung regions leads to hypoxemia that often is resistant to supplemental 
oxygen. By virtue of its method of administration, inhaled NO is selectively deliv-
ered to well-ventilated portions of the lung where it vasodilates the vasculature and 
improves	matching	of	ventilation	with	perfusion	and,	thereby,	enhances	oxygenation.	
In	1993,	Roissant	and	colleagues	studied	nine	patients	with	severe	ARDS	using	the	
multiple	 inert-gas-elimination	 technique	 [42].	 They	 reported	 that	 inhaled	 NO	
improved oxygenation and reduced PAP in these patients associated with a reduc-
tion	in	intrapulmonary	shunting.	These	investigators	later	reported	that	the	ability	
of inhaled NO to improve systemic oxygenation in patients with ALI did not 
require	a	reduction	in	mean	PAP	[43]. Only very low doses of NO were required to 
improve oxygenation, and concentrations higher than 10 ppm could worsen oxygen-
ation,	possible	by	spilling	over	to	poorly-ventilated	lung	regions.	However,	despite	
improving systemic oxygenation, inhaled NO did not improve outcomes in patients 
with	 ARDS	 in	 multiple	 randomized	 clinical	 trials	 [44]. Moreover, there was an 
increased	 risk	 of	 renal	 dysfunction	 in	 patients	who	were	 randomized	 to	 receive	
inhaled NO. Nonetheless, some clinicians use inhaled NO as a rescue therapy in 
patients with severe hypoxemia.

Unloading the right ventricle with inhaled NO: In adults and children undergoing 
cardiac surgery and cardiac transplantation, inhaled NO is frequently used to treat 
pulmonary hypertension and improve cardiac output in the perioperative period 
[45, 46]. Preoperative evaluation of pulmonary vasoreactivity is useful for identify-
ing	patients	with	pulmonary	hypertension	who	are	likely	to	respond	to	inhaled	NO	
in the perioperative period (see “Evaluation of pulmonary vasoreactivity with 
inhaled	NO”	below).
Right	 ventricular	 failure	 in	 the	 perioperative	 period	 after	 placement	 of	 a	 left	

ventricular	 assist	 device	 (LVAD)	 is	 associated	with	 increased	mortality	 [47, 48]. 
Frequently,	 placement	 of	 a	 right	 ventricular	 assist	 device	 (RVAD)	 is	 required	 to	
maintain	LVAD	flow.	Nitric	oxide	inhalation	reduces	PVR	and	can	augment	LVAD	
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flow	without	 causing	 systemic	 hypotension	 [49, 50]. In a small clinical trial of 
LVAD	patients	with	elevated	PVR,	who	were	randomly	assigned	to	treatment	with	
and	 without	 inhaled	 NO,	 Argenziano	 and	 colleagues	 observed	 that	 inhaled	 NO	
reduced	mean	PAP	and	augmented	LVAD	flow	 [51].	 In	patients	with	RV	failure	
after LVAD placement, clinicians routinely administer inhaled NO prior to implan-
tation	of	an	RVAD.	However,	a	randomized	clinical	trial	demonstrating	that	inhaled	
NO	decreases	the	necessity	for	RVAD	placement	has	yet	to	be	reported.
In	 a	 subgroup	 of	 patients	 presenting	with	 ST	 elevation	myocardial	 infarction	

(MI)	and	occlusion	of	the	right	coronary	artery,	RV	myocardial	infarction	(RVMI)	
can	 cause	RV	 failure,	 resulting	 in	 cardiogenic	 shock	without	 pulmonary	 edema.	
Prompt	revascularization	is	the	most	effective	means	to	treat	cardiogenic	shock	due	
to	RVMI	[52]. However, in patients who present late in the course of their MI or in 
whom	RV	marginal	coronary	arteries	cannot	be	 fully	 revascularized,	cardiogenic	
shock	may	require	hemodynamic	support	with	inotropic	agents,	intra-aortic	balloon	
counterpulsation,	or	even	RVAD	placement.	Several	case	reports	[53–55] and one 
report	 of	 13	 patients	 [56]	 demonstrated	 that	 breathing	NO	 can	 improve	 cardiac	
index	in	patients	with	cardiogenic	shock	due	to	RVMI.	Moreover,	in	the	subset	of	
RVMI	patients	with	hypoxemia	due	to	right-to-left	shunting	via	a	patent	foramen	
ovale,	breathing	NO	reduces	shunting	and	improves	oxygenation	[54, 56].

Evaluation of pulmonary vasoreactivity with inhaled NO: Acute pulmonary vaso-
dilator	 testing	(APVT)	is	performed	in	clinical	practice	for	 three	primary	indica-
tions.	Most	commonly,	APVT	is	used	in	patients	with	World	Health	Organization	
(WHO) Group I PAH to identify those patients with greatest potential for sustained 
benefit	 to	 oral	 calcium-channel	 blocker	 (CCB)	 therapy	 and	 to	 evaluate	 clinical	
prognosis	[57]. WHO Group I PAH patients have a resting mean pulmonary arterial 
pressure (mPAP) ³25	mmHg	at	rest	with	a	pulmonary	capillary	wedge	pressure	
of £15	mmHg	 (to	 exclude	 patients	with	 pulmonary	 venous	 hypertension)	 and	 a	
PVR	³3	Wood	units.	This	group	includes	patients	with	idiopathic	PAH	(IPAH)	and	
familial PAH (FPAH), as well as patients with associated forms of PAH (APAH; 
e.g.,	pulmonary	hypertension	in	conjunction	with	connective	tissue	disease,	portal	
hypertension, HIV, drugs and toxins, etc.). Inhaled NO is the preferred agent of 
choice	during	APVT	for	PAH,	since	it	is	relatively	well-tolerated,	is	selective	for	
the pulmonary circulation, and has rapid onset and offset.
A	positive	response	to	APVT	in	PAH	is	currently	defined	as	a	decrease	in	mean	

PAP	 by	 at	 least	 10	 mmHg	 to	 an	 absolute	 level	 less	 than	 40	 mmHg	 without	 a	
decrease	in	cardiac	output.	The	use	of	CCBs	as	a	vasodilator	in	APVT	should	be	
avoided since a fraction of non-responders will develop severe adverse effects 
including	 shock	 and	 severe	 systemic	 hypotension	 [58]. On the other hand, the 
degree	of	vasoreactive	responsiveness	to	inhaled	NO	during	APVT	is	predictive	of	
long-term	benefit	to	CCB	therapy	in	PAH	[58, 59]. Although alternative agents such 
as	intravenous	epoprostenol	or	intravenous	adenosine	can	be	used	during	APVT,	the	
acute	administration	of	these	agents	has	been	associated	with	systemic	hypotension	
and	other	adverse	effects	[60, 61].
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APVT	with	inhaled	NO	has	also	been	used	in	patients	with	CHD	and	pulmonary	
hypertension undergoing preoperative evaluation for either corrective surgery or 
cardiac	transplantation	[62].	The	presence	of	fixed	PH	is	a	predictor	of	periopera-
tive	 morbidity	 and	 mortality	 in	 CHD.	 Although	 exact	 criteria	 have	 not	 been	
prospectively	validated,	many	centers	use	a	PVR	 less	 than	10–14	Wood	units,	 a	
pulmonary:systemic	vascular	resistance	(PVR:SVR)	ratio	less	than	or	equal	to	0.66,	
and	a	PVR:SVR	ratio	less	than	or	equal	to	0.33	during	vasodilator	administration	
as	 thresholds	 for	 determining	 operability	 for	 surgical	 correction	 and	 identifying	
patients	with	improved	surgical	prognosis.	Preoperative	APVT	with	a	combination	
of inhaled NO and oxygen is more sensitive in identifying appropriate operative 
candidates	than	the	use	of	oxygen	alone	in	vasodilator	testing	[63].
APVT	is	also	used	 to	assess	perioperative	risk	 in	patients	with	acquired	heart	

disease who are undergoing evaluation for heart transplantation. Elevated resting 
PVR	 and	 transpulmonary	 gradient	 are	 independent	 predictors	 of	 increased	 post-
transplant	mortality	 [64–66]. Patients with fixed PH have a poorer postoperative 
prognosis	than	do	patients	who	exhibit	reversibility	with	APVT	[67]. Although no 
thresholds	have	been	prospectively	validated,	typical	values	used	to	determine	can-
didacy	for	heart	transplantation	include	a	PVR	less	than	or	equal	to	6	Wood	units	
at	rest	or	less	than	3	Wood	units	with	maximal	vasodilation	[68]. Patients exceeding 
these	threshold	values	can	be	considered	for	combined	heart–lung	transplantation.	
Inhaled	NO	 has	 been	 used	 for	APVT	 in	 the	 preoperative	 evaluation	 for	 cardiac	
transplantation	[69–71],	but	operators	must	proceed	with	caution	because	NO	inha-
lation can increase LV filling pressures in the presence of LV dysfunction and result 
in	pulmonary	edema	[69, 72, 73].

Methods Required for Safe Administration of Inhaled NO

NO reacts with oxygen to form the pollutant nitrogen dioxide (NO
2
).	The	amount	

of NO
2
 formed depends on the concentrations of NO and oxygen and for how long 

the two gases are mixed. Exposure of the lung and respiratory epithelium to NO
2
 

can	cause	pulmonary	injury.	Moreover,	because	NO	is	unstable	when	mixed	with	
oxygen,	it	must	be	shipped	and	stored	in	nitrogen.

During the clinical development of inhaled NO, new technologies and equip-
ment	were	devised	to	enable	the	reliable	and	continuous	delivery	of	low	concentra-
tions	of	NO	gas	and	the	mixture	of	NO	with	oxygen	(at	concentrations	dictated	by	
the	 needs	 of	 the	 patient)	 via	 endotracheal	 tube,	 tight-fitting	 face	mask,	 or	 nasal	
canula. Additional considerations included the requirement that the NO delivery 
system	be	portable	 to	 enable	 transport	 of	 patients	 breathing	NO.	Commercially-
available	equipment	minimizes	the	time	during	which	oxygen	and	NO	are	mixed	
prior to administration to the patient and monitors the levels of NO, oxygen, and 
NO

2
 administered to the patient in real-time. Clinicians who administer NO gas to 

patients	need	 to	be	aware	of	several	“side	effects”	associated	with	breathing	NO	
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including	 methemoglobinemia,	 inhibition	 of	 platelet	 function,	 and	 increases	 in	
pulmonary capillary wedge pressure (in the setting of LV dysfunction; see 
“Evaluation	of	pulmonary	vasoreactivity	with	inhaled	NO”	above).	Clinicians	also	
need	to	be	cognizant	of	the	rebound	pulmonary	hypertension	that	occurs	if	inhaled	
NO	is	abruptly	discontinued.

Methemoglobinemia:	 When	NO	reacts	with	oxyhemoglobin	to	form	nitrate,	meth-
emoglobin	is	formed.	Methemoglobin	does	not	bind	oxygen,	impairing	the	ability	
of	the	blood	to	deliver	oxygen	from	the	lungs	to	the	periphery.	Methemoglobin	is	
rapidly	converted	to	ferrous	hemoglobin	by	methemoglobin	reductase	in	erythro-
cytes.	Methemoglobin	 levels	 greater	 than	 5%	are	 typically	 seen	 only	 in	 patients	
who	breathe	80	ppm	NO	[74]	but	are	also	rarely	seen	 in	 infants	breathing	 lesser	
concentrations	[75].

Bleeding risk:	 Nitric	oxide	is	well	known	to	reduce	the	ability	of	platelets	to	adhere	
and	become	activated.	Inhaled	NO	was	reported	to	increase	bleeding	time	in	rabbits	
and	people	[76]	and	to	reduce	thrombosis	after	thrombolysis	in	dogs	[77].	The	risk	
of	bleeding	has	been	a	particular	concern	 in	studies	of	 the	use	of	 inhaled	NO	in	
premature	 infants	 who	 are	 already	 at	 increased	 risk	 of	 intracranial	 bleeding.	
However, recent studies of premature infants treated with inhaled NO have not 
shown	an	increased	risk	of	IVH	[41].

Rebound pulmonary hypertension: In the mid-1990s, two groups reported that 
pulmonary	hypertension	could	develop	as	patients	were	weaned	from	breathing	NO	
[78, 79].	Using	 an	 experimental	 lamb	model,	Black	 and	Fineman	 and	 their	 col-
leagues reported that prolonged NO inhalation led to increased endothelin 1 levels 
and	 reduced	 NO	 synthase	 activity,	 both	 of	 which	 contributed	 to	 the	 pulmonary	
vascular	rebound	observed	when	inhaled	NO	was	discontinued	[80]. Administration 
of	 PDE5	 inhibitors	was	 found	 to	 attenuate	 the	 rebound	 seen	when	withdrawing	
inhaled	NO	[81, 82].	In	general,	however,	pulmonary	vascular	rebound	can	be	pre-
vented	by	slowly	weaning	the	concentration	of	inhaled	NO.

Extrapulmonary Effects of Breathing NO

Initial	studies	by	Zapol	and	colleagues	suggested	that	the	effects	of	breathing	NO	
were	limited	to	the	lung,	as	reflected	by	the	absence	of	systemic	vasodilation	[5]. 
However,	in	1993,	Hogman	et	al.	reported	that	breathing	NO	could	inhibit	platelet	
function	as	reflected	by	a	prolongation	of	the	bleeding	time	[76].	These	observa-
tions	suggest	that	at	least	some	of	the	inhaled	NO	reaching	the	bloodstream	escaped	
inactivation	by	hemoglobin.

Although the impact of inhaled NO on platelet function remains controversial 
[83–85], Hogman’s report led other research teams to identify additional sys-
temic	 effects	 of	 breathing	NO.	 For	 example,	 Lee	 and	 colleagues	 reported	 that	
breathing	NO	(80	ppm)	for	2	weeks	could	reduce	neointima	formation	in	balloon-
injured	 rat	 carotid	 arteries	 [86]. Semigran and colleagues demonstrated that 
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breathing	80	ppm	NO,	but	not	20	ppm,	enhanced	coronary	artery	patency	 in	 a	
canine	model	of	coronary	thrombosis	after	thrombolysis	[77].	These	investigators	
went	on	 to	show	that	PDE5	 inhibitors	markedly	augment	 the	ability	of	 inhaled	
NO	to	prevent	thrombosis	[87].
Fox-Robichaud	and	colleagues	explored	the	impact	of	inhaled	NO	on	leukocyte	

function	 [88].	 Studying	 a	 feline	model	 of	 intestinal	 ischemia–reperfusion	 injury,	
these	 investigators	 reported	 that	 breathing	 80	 ppm	 NO,	 but	 not	 20	 ppm,	 could	
decrease	leukocyte	adherence	and	activation	and	maintain	mesenteric	blood	flow.
Hataishi	and	colleagues	extended	these	observations	by	studying	the	impact	

of	 breathing	NO	on	 cardiac	 ischemia–reperfusion	 injury	 [89]. Studying mice 
subjected	 to	 transient	 coronary	 artery	 ligation	 and	 reperfusion,	 they	 reported	
that	breathing	NO	for	24	h	(beginning	during	ischemia)	could	decrease	MI	size.	
Similar	to	the	findings	of	Fox-Robichaud	et	al.,	Hataishi	and	his	team	reported	
that	 breathing	 40	 or	 80	 ppm	 NO	 was	 cardioprotective,	 whereas	 breathing	
20	ppm	NO	was	not.	Liu	and	colleagues	explored	the	impact	of	breathing	NO	
on	cardiac	ischemia–reperfusion	in	a	 large	animal	model	[90].	They	observed	
that	breathing	80	ppm	NO	reduced	MI	size	 in	 the	hearts	of	pigs	 subjected	 to	
transient coronary artery occlusion, whereas intravenous administration of 
nitroglycerin	did	not.	Of	note,	in	both	the	mouse	and	pig	models,	breathing	NO	
during	cardiac	ischemia	and	reperfusion	reduced	accumulation	of	leukocytes	in	
the	heart	and	importantly	did	not	cause	systemic	hypotension.	Taken	together,	
these	observations	suggest	that	concentrations	of	NO	required	to	elicit	effects	
in the systemic circulation are greater than those required to modulate pulmo-
nary vascular tone.
Promising	 results	 using	 inhaled	 NO	 in	 experimental	 models	 of	 ischemia–

reperfusion	injury	has	led	to	several	small-scale	clinical	trials.	Lang	and	colleagues	
reported	 that	 breathing	 80	 ppm	 NO	 reduced	 muscle	 inflammation	 in	 the	 lower	
extremities	of	patients	undergoing	surgical	limb	ischemia	(for	knee	surgery	requiring	
a	tourniquet	for	a	bloodless	surgical	field)	and	reperfusion	[91].	These	investigators	
went	on	to	report	that	breathing	NO	reduced	ischemia–reperfusion	injury	in	liver	
transplantation associated with a reduction in hepatocyte apoptosis and improved 
synthetic	function	[92].	Although	both	of	these	studies	were	encouraging,	they	were	
small (~10 patients in each experimental group). Additional multicenter randomized 
controlled	trials	will	be	necessary	to	determine	whether	inhaled	NO	can	improve	
outcomes	in	patients	experiencing	systemic	organ	ischemia–reperfusion	injury.
Fox-Robichaud	and	colleagues	reported	that	breathing	NO	elicited	its	greatest	

effects	under	conditions	characterized	by	reduced	NO	levels,	such	as	those	caused	
by	 inhibiting	NO	synthase	or	 induced	by	 ischemia	and	 reperfusion	 [88]. Studies 
performed	by	Gladwin	and	colleagues	supported	this	hypothesis	by	demonstrating	
that	breathing	NO	could	increase	forearm	blood	flow	during	regional	blockade	of	
NO	synthesis	[93, 94]. In contrast, Hataishi et al. failed to detect systemic vasodilation 
in response to inhaled NO in mice deficient in the endothelial NO synthase isoform 
(NOS3)	[95].
In	another	model	characterized	by	a	systemic	deficiency	of	NO,	Gladwin	and	

colleagues	found	that	hemolysis	induced	systemic	vasoconstriction	via	the	ability	
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of	 cell-free	 hemoglobin	 to	 scavenge	 NO	 generated	 by	 the	 endothelium.	 They	
reported	that	breathing	80	ppm	NO	dramatically	reduced	systemic	blood	pressure	
in	 dogs	 with	 systemic	 vasoconstriction	 induced	 by	 hemolysis	 associated	 with	
nearly	complete	oxidation	of	cell-free	hemoglobin	to	methemoglobin	[96].	These	
investigators	hypothesized	 that	 oxidation	of	 extracellular	 hemoglobin	 is	 required	
for	 the	 vasodilator	 effects	 of	 inhaled	 NO	 in	 hemolysis.	 This	 hypothesis	 was	
challenged	by	the	findings	of	Yu	et	al.	[97], who reported that pretreatment of mice 
with	 inhaled	 NO	 could	 prevent	 the	 vasoconstriction	 induced	 by	 the	 subsequent	
administration	of	cell-free	hemoglobin	without	oxidizing	 the	extracellular	hemo-
globin	 to	methemoglobin.	 The	 observations	 of	Yu	 and	 colleagues	 suggest	 that	
pretreatment	 with	 inhaled	 NO	 may	 enable	 administration	 of	 hemoglobin-based	
oxygen	carriers	as	blood	substitutes	[98].

How does inhaled NO elicit its extrapulmonary effects? Because of the exceed-
ingly	short	half-life	of	NO	in	biological	fluids,	it	seems	unlikely	that	NO	reaching	
the	bloodstream	during	NO	 inhalation	will	be	 transported	 to	 the	periphery	 in	 an	
unmodified	form.	Several	hypotheses	have	been	proposed	to	account	for	the	ability	
of inhaled NO to elicit systemic effects (Fig. 12.1). One hypothesis is that exposure 
of	platelets	and	leukocytes	to	NO,	as	they	transit	the	pulmonary	circulation,	would	
inhibit	their	function	in	the	periphery.	Fox-Robichaud	et	al.	reported	that	breath-
ing	NO	did	not	alter	 the	activation	of	 leukocytes	exposed	 to	an	artificial	 surface	
suggesting	that	inhaled	NO	does	not	directly	inactivate	leukocytes	[88].

An alternate hypothesis is that inhaled NO that reaches the circulation can react 
with	 plasma	 and/or	 cellular	 constituents	 to	 form	 stable	NO	metabolites	 such	 as	
nitrite and S-nitrosothiols.	These	stable	NO	metabolites,	in	turn,	regenerate	NO	in	
the	 periphery.	 A	 variety	 of	 NO	metabolites	 have	 been	 detected	 in	 animals	 and	
human	 beings	 breathing	 NO.	 NO	 can	 react	 with	 heme	 in	 hemoglobin	 forming	
nitrosyl-hemoglobin	and	can	nitrosylate	the	cysteine93	in	the	hemoglobin	b unit to 
form	 SNO-hemoglobin.	 SNO-hemoglobin	 formation	 depends	 on	 oxygen	 
concentrations:	NO	reacts	with	cysteine	[93] in the presence of high oxygen con-
centrations	in	the	lung,	and	SNO-hemoglobin	releases	NO	under	the	low	oxygen	
concentrations	present	in	the	periphery	[99].
Breathing	NO	leads	to	a	modest	increase	in	the	blood	levels	of	nitrite	and	a	more	

marked	 increase	 in	 nitrate	 levels	 [93].	 Recent	 studies	 have	 demonstrated	 that	
administration	of	nitrite	can	reduce	cardiac	ischemia–reperfusion	injury	[100, 101] 
leading	to	the	speculation	that	the	cardioprotective	effects	of	inhaled	NO	are	attrib-
utable	to	nitrite.
Nitric	 oxide	 reacts	with	 a	 broad	 spectrum	 of	 plasma	 components	 to	 produce	

S-nitrosothiols	 (RSNO)	 and	 N-nitrosamines	 (RNNO).	 Recently,	 Nagasaka	 and	
Fernandes	and	their	colleagues	performed	a	quantitative	analysis	of	the	NO	metab-
olites	 formed	 in	 blood	 and	 tissues	 during	 NO	 breathing	 in	 mice	 [102].	 They	
reported that NO inhalation led to the rapid accumulation of nitrate and nitrite in 
plasma	 and	 erythrocytes,	 as	 well	 as	 a	 dramatic	 increase	 in	 RSNO,	 RNNO,	 and	
nitrosyl-heme concentrations in erythrocytes (Fig. 12.2).	 These	 findings	 suggest	
that	both	blood	compartments	could	contribute	to	the	transport	of	NO	metabolites	
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to	the	periphery.	During	NO	inhalation,	NO	metabolites	accumulated	in	all	of	the	
tissues	sampled.		However,	the	distribution	and	kinetics	of	NO	metabolite	accumu-
lation	during	NO	inhalation	was	organ-specific.	Taken	together,	these	observations	
support the hypothesis that inhaled NO elicits its systemic effects, at least in part, 
via	transport	of	NO	metabolites	to	the	periphery.

Conclusions

Over	20	years	ago,	Frostell	and	Zapol	learned	that	breathing	low	concentrations	of	
a “poisonous” gas, NO, could reduce pulmonary vascular tone in a uniquely selec-
tive	manner.	Extensive	basic	and	clinical	research	led	to	the	rapid	translation	of	the	
remarkably	safe	pulmonary	vasodilator	effects	of	breathing	NO	to	benefit	neonates	
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Fig. 12.2 Distribution	and	kinetics	of	accumulation	of	NO-metabolites	in	mice	breathing	nitric	
oxide	(plasma	and	erythrocytes).	Concentrations	of	NO-metabolites	were	measured	in	blood	of	
mice	breathing	air	supplemented	with	NO	(80	ppm)	for	0,	0.5,	5,	15,	and	60	min	(n	=	5–7).	RBC 
erythrocytes; NO-heme nitrosyl-heme species; RNNO N-nitrosamines; RSNO S-nitrosothiols. 
*P	<	0.05	 versus	 mice	 not	 breathing	 nitric	 oxide.	 Adapted	 with	 permission	 from	 reference	
Nagasaka	et	al.	[102]
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with hypoxemia and pulmonary hypertension. On the other hand, randomized clinical 
trials have demonstrated that inhaled NO does not improve outcomes in most 
patients	with	ARDS,	and	the	impact	of	inhaled	NO	on	BPD	is	at	best	uncertain.	The	
observations	in	animal	models	and	small	clinical	trials	that	breathing	NO	can	load	
the	 body	with	NO	metabolites,	 such	 as	 nitrite	 and	 nitrate,	 sufficient	 to	 decrease	
ischemia–reperfusion	injury	without	causing	systemic	hypotension	are	exciting	and	
merit additional investigation.
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Key points

There are two classes of nitrovasodilators used clinically: the organic nitrates •	
(nitroglycerin, isosorbide dinitrate, and isosorbide-5-mononitrate) and the metal 
nitrosyls (sodium nitroprusside).
Nitrovasodilators themselves are inactive and must release vasoactive nitric •	
oxide (NO) or its related species to exert their pharmacological effects. The 
metabolic end-products of nitrovasodilators are nitrite and nitrate, and increased 
exposure to these ions can be significant especially when nitrovasodilators are 
used on a chronic basis.
In addition to their effects on vasotone, nitrovasodilators are also potent anti-•	
platelet agents.
Nitrovasodilators are used for the management of several cardiovascular pathol-•	
ogies including stable and unstable angina, congestive heart failure, and myocar-
dial infarction.
Metabolism of organic nitrates can be categorized as mechanism-based (releasing •	
NO) or clearance-based (releasing nitrite). Various enzymes, including mitochon-
drial aldehyde dehydrogenase and glutathione-S-transferase, play key roles in 
these processes.
Tolerance to the vasodilatory effects of organic nitrates is mediated via oxidation •	
of multiple protein cysteine groups, producing a myriad of downstream events. 
A nitrate-free period is used clinically to circumvent this loss of efficacy.
Organic nitrates can induce endothelial dysfunction through increased oxidative •	
stress and several studies have questioned the long-term safety of these agents.
Cyanide radical release from the nitroprusside complex and its rapid elimination •	
precludes the use of sodium nitroprusside on a chronic basis.
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Introduction

Nitrovasodilators are used in the management of various acute and chronic cardio-
vascular pathologies. Their pharmacologic effects are mediated biochemically via 
the release of NO in the vasculature independent of endogenous endothelial nitric 
oxide synthase (eNOS). Once liberated, NO activates soluble guanylyl cyclase 
(sGC) in the smooth muscle, increases the concentrations of the secondary mes-
senger cyclic GMP (3¢,5¢ guanosine monophosphate, cGMP), alters calcium flux, 
and ultimately causes relaxation [1].

In the Unites States, clinical use of nitrovasodilators is restricted to two chemical 
classes, viz., the organic nitrates (ORN) and metal nitrosyl compounds (see 
Fig. 13.1 for structures). Nitroglycerin (NTG, also known as glyceryl trinitrate) is 
the founding member of the ORN family, which also includes isosorbide dinitrate 
(ISDN) and its clinically administered metabolite isosorbide-5-mononitrate (IS-5-MN). 
A fourth ORN, pentaerythritol tetranitrate, sees clinical use in Europe and Canada. 
ORN, as such, have little or no pharmacological activity of their own, and must be 

Fig. 13.1 Structures of nitrovasodilators that are clinically used in the United States.  
(a) Nitroglycerin (NTG), (b) isosorbide dinitrate (ISDN), (c) isosorbide-5-Mononitrate 
(IS-5-MN), (d) sodium nitroprusside (SNP)
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enzymatically activated in the vasculature to release NO [2]. The metal nitrosyl 
group is comprised solely of the agent sodium nitroprusside (SNP). NO liberation 
from SNP is generally considered spontaneous but endogenous sulfhydryl groups 
may be involved in this process [3, 4].

Nitrovasodilator administration leads to in vivo production of inorganic nitrite 
(NO

2
−) and nitrate (NO

3
−) ions, either via ORN denitration or by conversion of the 

NO produced. However, it has been shown that NO
2
− is not an active intermediate for 

vascular generation of NO from ORN [5]. Moreover, even at relatively large doses, 
nitrovasodilators do not typically produce clinically relevant methemoglobinemia  
[6, 7], the toxicity typically associated with elevated plasma nitrite/nitrate (NO

x
−).

Indications for nitrovasodilator use revolve around correcting ischemia and 
restoring normal blood flow, reduction of systemic blood pressure, and reducing 
oxygen demand of the myocardium. Current guidelines from leading organizations 
support and recommend the use of ORN as mainline therapy for various cardiovas-
cular diseases. For the management of unstable angina, the American College of 
Cardiology Foundation and the American Heart Association (ACC/AHA) 
Committee supports the use of sublingual NTG to treat anginal episodes (class I, 
level of evidence C) [8]. In addition, the Committee recommends the use of a long-
acting ORN in conjunction with a beta-adrenergic receptor antagonists (beta-
blockers) in patients with stable angina and coronary artery disease in order to 
improve exercise tolerance and time to onset of angina, or in place of a beta-blocker 
when its use is contraindicated (class I, level B). The Committee comments that if 
24 h anginal relief is necessary, a calcium antagonist may be a better choice due to 
the need for a daily nitrate-free period to prevent the development of ORN toler-
ance. It is important to note that in the case of stable angina, ORN therapy is associ-
ated only with an improvement in symptoms, and not with improved mortality. 
These patients should have access to sublingual NTG as needed to abort attacks 
(class I, level B) [9].

The Committee has also recommended the use of NTG in the management of 
myocardial infarction. It should be administered sublingually at the onset of an 
event and then intravenously for the first 24–48 h to manage ischemic pain, control 
blood pressure, and to manage pulmonary congestion (class I, level C). Continued 
use past 48 h in the absence of ischemic pain is less well supported (class IIb, level 
B). Unlike the case of stable angina, ORN use for the management of myocardial 
infarction is associated with improved outcomes [10].

The rationale for the use of nitrates in congestive heart failure is less clear but 
may be beneficial in certain cases. Patients receiving angiotensin-converting 
enzymes (ACE) inhibitors and beta-blockers may benefit from the use of a long-
acting ORN in combination with hydralazine if further relief from symptoms is 
required (class IIa, level A). An ORN/hydralazine combination can also be used in 
patients who are unable to tolerate an ACE inhibitor or angiotensin receptor blocker 
(class IIb, level C) [11]. When added to standard therapy, ISDN/hydralazine signifi-
cantly increased survival and improved quality of life measures in black patients 
[12]. Intravenous NTG and SNP is indicated for the management of hypertensive 
crises [13].
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Lastly, investigational/off-label uses of ORN include the treatment of erectile 
dysfunction [14, 15], osteoporosis [16], anal fissures [17, 18], cervical ripening 
during the induction of labor [19], and the management of esophageal varices due 
to portal hypertension [20].

Organic Nitrate Metabolism and Nitric Oxide Generation

The metabolism of ORN can be divided into two distinct pathways: clearance-
based and mechanism-based [21]. The clearance-based pathway results in reduc-
tive denitration of ORN to liberate the very weakly vasoactive NO

2
− ion. In 

contrast, the mechanism-based pathway results in bioactivation and the release of 
NO [2]. The enzyme(s) responsible for these distinct metabolic paths of ORN 
continue to be the subject of much study and debate.

The clearance-based metabolism of ORN takes place extensively in the liver, 
with extrahepatic metabolism occurring in the kidneys, lungs, blood, and vascula-
ture [22]. Metabolic clearance is thought to be mediated by several enzymes, 
including various isoforms of glutathione-S-transferase and cytochrome p450, but 
other thiol-containing enzymes also likely contribute to ORN systemic elimination 
[2, 22–24]. Hepatic and renal glucuronide conjugation of ORN and metabolites 
form hydrophilic conjugates that can then be excreted renally [22, 25, 26].

The mechanism-based metabolic pathway for ORN has drawn considerable  
current interest. NO liberation from ORN has been reported to be mediated by 
numerous enzymes/compounds, including cytosolic and microsomal glutathione- 
S-transferase [23, 27], an unknown cytochrome p450 isoform [24, 28], xanthine 
oxidase [29], and even free thiols [2]. However, mitochondrial aldehyde dehydro-
genase (ALDH2) has recently emerged as the principal enzyme for the bioactiva-
tion of NTG [30]. The relevant findings demonstrated that NTG activated sGC in 
the presence of purified ALDH2 and that nonspecific ALDH2 inhibitors caused 
impaired relaxation of isolated aortic rings. Follow-up studies using ALDH2 
knockout mice and more specific inhibitors of ALDH2 have confirmed the role of 
this enzyme in NTG bioactivation [31–33]. Clinical studies have also supported the 
view that ALDH2 is an important enzyme for NTG action [34, 35]. A common 
ALDH2 polymorph, prevalent in Asian populations, is associated with blunted 
pharmacological response to NTG [34]. This polymorphism results from a muta-
tion in the cofactor binding region of ALDH2, leading to reduction in its dehydro-
genase and ORN reductase activity [36].

While ALDH2 is likely the major enzyme responsible for NTG bioactivation, it 
appears to play a partial or limited role in the bioactivation of ISDN or IS-5-MN 
[33, 37]. Purified ALDH2 has the ability to liberated NO from ISDN in vitro [38], 
but ex vivo studies have demonstrated that its activity is not vital to ISDN-mediated 
relaxation [33, 37]. The liberation of NO from IS-5-MN has also been shown to be 
ALDH2-independent both in vitro [38] and ex vivo [37]. Recently, it was demon-
strated that purified cytosolic aldehyde dehydrogenase (ALDH1), similar to ALDH2, 
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has the ability to bioactivate NTG [39] and ISDN [38]. However, unlike ALDH2, 
it can also liberate NO from IS-5-MN [38]. The contribution of this enzyme to the 
in vivo bioactivation of ISDN and IS-5-MN would require further studies.

NTG denitration produces two separate metabolites, glyceryl 1,2-dinitrate (1,2-
GDN), and glyceryl 1,3-dinitrate (1,3-GDN), the relative ratio of which has been 
used to distinguish the clearance-based vs. mechanism-based metabolic pathways. 
Production of 1,2-GDN is associated with vascular action and tolerance [21, 40], 
while that for 1,3-GDN is thought to reflect clearance-based metabolism [41, 42]. 
Both metabolites possess vasodilator activity, albeit much weaker than that of NTG 
[43]. Direct measurement of NO accumulation in vivo is impossible due to its 
extremely short half-life. Thus, as a marker of NO generation, its oxidative end-
products (NO

x
−) have been quantified instead, primarily via various fluorometric 

and spectrophotometric assays [44]. The major limitation of this approach is that it 
cannot distinguish between NO

x
− generated from NO production from that gener-

ated from clearance-based denitration of ORN, or from other sources. Additionally, 
endogenous cellular or circulating concentrations of these ions are relatively high 
when compared to those produced by ORN metabolism. Thus, use of NO

x
− to moni-

tor ORN metabolism is often inaccurate.
Investigation of the differential metabolism of ORN to NO

x
− vs. NO can provide 

insight regarding the clearance-based degradation vs. mechanism-based bioactiva-
tion. Incubation of NTG with cultured rat vascular smooth muscle cells demon-
strated that nitrite was generated in a 5.7:1 ratio compared to NO [45]. A similar 
NO

x
−:NO ratio was seen when rat hepatic cytosol was incubated with NTG (5.4:1) 

and ISDN (3.1:1) [46]. A somewhat higher ratio was demonstrated from the metab-
olism of NTG by canine coronary artery homogenate (14.5:1) [47] and by nonen-
zymatic degradation of NTG in the presence of various thiols (10:1) [48]. The exact 
ratio is expected to vary based on the tissue and species examined, but it is clear 
that the clearance-based metabolism is the predominate pathway of NO

2
− genera-

tion from ORN.

Sodium Nitroprusside Metabolism and Nitric Oxide Generation

Although NO liberation from SNP is generally considered spontaneous [3], several 
cellular proteins have been shown to facilitate this process [4]. SNP diffuses into 
erythrocytes where the NO is released via interaction with oxyhemoglobin, which 
is converted to methoxyhemoglobin. In this process, cyanide radicals, liberated in 
a 5-to-1 molar ratio vs. NO, reversibly bind to methemoglobin converting it to the 
nontoxic cyanomethemoglobin, which exists in equilibrium with free cyanide [3]. 
In the liver, additional cyanide is detoxified via thiosulfate sulfotransferase with 
thiosulfate as a substrate, converting it to thiocyanate, which is subsequently 
cleared by the kidneys [49]. A typical adult has the ability to detoxify 50 mg of 
SNP, with clinical cyanide toxicity occasionally seen once thiosulfate stores are 
depleted. To prevent cyanide toxicity, thiosulfate may be administered in parallel. 
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The onset of action of SNP is rapid, but its duration of action is short (about 2 min). 
SNP is not orally absorbed, so continuous intravenous infusion is needed to main-
tain its activity [3].

Nitrovasodilators as a Source of Exogenous Nitrite and Nitrate

Clinical doses of nitrovasodilators can result in a large, transient increase in 
plasma NO

x
− levels. A 0.9 mg dose of NTG given sublingually to migraine head-

ache patients resulted in an increase of approximately 62% in plasma NO
x
− 45 min 

after administration which returned to baseline within 120 min [50]. In another 
study, intravenous NTG was administered to patients undergoing hip replacement 
surgery. The infusion rate (average = 5.13 mg/kg/min) was titrated to result in a 
reduction in mean arterial pressure of 50–65 mmHg. Plasma nitrite was found to 
be increased by about 36% during the infusion compared to preadministration 
levels [51]. The effects of chronic ORN administration on plasma NO

x
− was deter-

mined in a population of patients with peripheral vascular disease. Two- and six-
week chronic administrations of NTG (as 15 mg/day via transdermal patch) 
resulted in unchanged plasma NO

x
− at the end of each treatment period [52]. 

However, animal studies cast doubt on the usefulness of NO
x
− as a measure of NO 

or NO-donor pharmacodynamics [53].

Pharmacokinetics of Nitrovasodilators

NTG is rapidly eliminated in the body, with a clearance of approximately 50 L/min 
and a plasma half-life of about 3 min in humans [54]. In animal studies, an arterial–
venous concentration was demonstrated, and the systemic clearance was found to 
be positively related to cardiac output, consistent with extensive extrahepatic 
metabolism [55]. Thus, the duration of action of NTG is short when given via sub-
lingual or bolus intravenous dosing. The oral bioavailability of NTG itself is poor, 
requiring much higher doses (up to 40 mg daily in sustained release preparations) 
[56]. Longer duration of action from organic nitrates can be obtained by dosage 
form modification of NTG (e.g., transdermal patches or continuous intravenous 
infusion) or by the use of longer-acting nitrates such as ISDN or IS-5-MN, in either 
immediate-release or sustained-release oral preparations.

The pharmacokinetic properties of ISDN compare favorably to NTG in terms of 
longer duration of action and higher oral bioavailability. It has a slower clearance 
(4 L/min), a longer half-life (approximately 1 h), and a higher oral bioavailability 
(20%) [25]. ISDN is metabolized predominately to its two mononitrate metabolites, 
the 5-mononitrate and 2-mononitrate, at a ratio of approximately 4:1 [25]. While its 
sublingual formulation does not act rapidly enough for the abortion of an angina 
attack, ISDN is used for prophylaxis in anticipation of an angina-inducing activity. 
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IS-5-MN, being the least lipophilic ORN in clinical use, has the slowest clearance 
(115 mL/min) and longest elimination half-life (4.6 h). Because its oral bioavail-
ability is near 100%, this agent has largely become the ORN drug-of-choice for oral 
prophylaxis.

Cardiovascular Mechanisms of Organic Nitrates

The pharmacological effect of nitrovasodilators is mediated by their vasoactive 
metabolite NO. The target of NO is the sGC which exists as a heterodimer contain-
ing a heme moiety [57]. NO interacts with the ferrous ion forming a ferrous–
nitrosyl–heme complex resulting in a conformational change in the sGC, resulting 
in activation of its catalytic activity. With divalent magnesium as a cofactor, sGC 
catalyzes guanosine-5¢-triphosphate to cGMP which in turn activates various pro-
tein kinases such as protein kinase G (PKG). The signaling cascade results in the 
alteration of several key mediators of the vasotone. Intracellular calcium is seques-
tered in the sarcoplasmic reticulum via increased uptake by activation of Ca2+,Mg2+-
ATPase and decreased efflux from calcium channels. In addition, dephosphorylation 
of the myosin light chain results in decreased sensitivity to calcium [58]. The mes-
senger effect of cGMP is terminated by its hydrolysis by phosphodiesterases 
(PDEs). The inhibition of PDE in the penis, by drugs like sildenafil for erectile 
dysfunction, results in potentiation of ORN action, thus leading to possible severe 
hypotension [59].

ORN possess dose-dependent vasoselectivity which can be exploited to best 
manage various cardiovascular pathologies. The venous vasculature is significantly 
more sensitive to the effects of ORN than the arterial side and is preferentially 
dilated upon administration of low doses of ORN. This results in an increased 
capacitance in the veins and decreased venous return to the atria, thus reducing 
cardiac preload and left ventricle end-diastolic pressure [60]. Doses which have 
substantial effects on venodilation have little effect on arterial vascular resistance 
and systemic blood pressure. Part of this selectivity is likely due to an increased 
amount of bioactivating enzymes in the venous smooth muscles cells compared to 
those in the arterial side [61]. Further venodilation and arterial relaxation occurs 
with higher doses which decrease cardiac afterload and systemic blood pressure. 
ORN have no intrinsic effect on cardiac contractility or heart rate, but reflex tachy-
cardia may develop in response to the reduction in blood pressure [60]. Profound 
hypotension may occur in patients concurrently receiving agents such as beta-
blockers or alpha-adrenergic receptor blockers which block the sympathetic tone. 
SNP, being a more spontaneous donor of NO, has an indiscriminate effect on 
venous and arterial relaxation [3].

ORN have a complex effect on coronary blood flow, their beneficial effects may 
not be due to an indiscriminate coronary artery vasodilatation but rather a redistri-
bution of cardiac perfusion [62]. When NTG and ISDN are administered during 
periods of increased oxygen demand and ischemia, an unequal reduction in coronary 
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blood flow is experienced; flow to well perfused areas is decreased to a greater 
extent than those that are occluded and experiencing ischemia. While total myocar-
dial flow is reduced due to decreased cardiac output resulting from decreased  
preload, ischemia is relieved via reduction of myocardial oxygen demand and  
balancing of the flow based on metabolic demand [63]. In addition, coronary flow 
to regions supplied by severely occluded arteries is improved by ORN due to an 
increase in perfusion through collateral vascular beds which circumvent the  
occlusion [64].

The culmination of these effects is a reduction of myocardial oxygen demand 
while improving flow to the ischemic regions of the heart. Due to a decrease in 
preload, ventricular wall tension is reduced which results in a reduction on oxygen 
demand [60]. Reduction in wall tension also decreases subendocardial resistance 
allowing for improved perfusion through the cardiac wall [62]. This is further 
improved upon when higher doses of ORN reduce systemic vascular resistance, 
which in turn decreases afterload [60]. In severe ventricular dysfunction, the  
combination of an ORN with hydralazine (an arterial vasodilator) results in 
decreased preload and afterload, which decreases oxygen demand while improving 
cardiac output [62]. If hypotension develops, a reduction in coronary perfusion 
pressure may lead to an increased oxygen debt in the myocardial tissue worsening 
ischemia.

Effects on Platelet Aggregation

In addition to the vasodilatory effects, ORN and SNP also possess anti-aggregatory 
effects on platelets. The effects have been demonstrated in isolated platelets [29, 65, 
66], animal models [67], and in clinical studies [68]. While there is a lack of evi-
dence supporting ORN use solely for these effects, they contribute beneficially to 
their therapeutic roles, especially in the management of unstable angina. Like its 
effects on the vasculature, ORN must be metabolized to NO to be pharmacologi-
cally active [29, 65]. Incubation of NTG with whole blood or isolated platelets yield 
little inhibition, and the addition of a metabolizing system (e.g., vascular tissue 
[65], isolated vascular cells [66], or a bioactivation enzyme [29]) is needed to produce 
significant inhibition. The interplay between the vascular tissue and platelets is 
complex and involves several signaling molecules. Calcitonin gene-related peptide 
(CGRP), a neuropeptide with potent anti-platelet activity, appears to be one of the 
more important mediators. ORN induces CGRP release from neurons innervating 
the vascular tissue, resulting in cGMP and cyclic adenosine monophosphate accu-
mulation, which inhibits platelet function. Blockade of ORN metabolism, vascular 
CGRP receptor, or the NOS enzyme, all result in reduced anti-aggregatory effect 
by ORN [65]. However, SNP inhibits platelet aggregation in a NOS and CGRP-
independent manner [69].

CGRP is not the exclusive mechanism by which NTG produces its anti-platelet 
effects. Incubation of isolated platelets with NTG and xanthine oxidase (to bioactivate 
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the ORN) is sufficient to produce inhibition though an unknown mechanism [29]. 
A possible but uninvestigated mechanism may exist via the modification of the 
surface platelet ADP receptor, P2Y

12
, the active form of which exists as oligomers 

stabilized by disulfide bridges [70, 71]. Inhibitors for this receptor (e.g., clopi-
dogrel) exert their pharmacological effect by disrupting these oligomers through 
reduction of the disulfide bridges [72]. ORN has been shown to react avidly with 
protein cysteine residues [73], and modification of cysteine linkages in P2Y

12
 may 

represent a contributory mechanism for the anti-platelet effects of ORN.

Nitrovasodilator Tolerance

The beneficial pharmacological effects of nitrovasodilators are severely limited by 
the rapid development of tolerance to their vasodilatory effects. In order for ORN 
to maintain their vasodilatory effects when used clinically, an 8–12 h nitrate-free 
period needs to be incorporated. This interruption complicates ORN therapy in 
patients who may require around-the-clock angina protection. Interestingly, in con-
trast to the vasodilatory effects, tolerance development to the platelet anti-aggrega-
tory effects of ORN does not appear to be significant [67, 68]. The mechanisms of 
nitrate tolerance have been described as a 130-year-old mystery [2, 74]. Nitrate 
tolerance exhibits several major features, namely:

 1. Sulfhydryl (−SH) involvement: Nitrate-induced vasodilation is facilitated by the 
presence of free −SH groups. Modifications or depletion of free −SH have been 
proposed as a mechanism of vascular tolerance [75], widely known classically as 
the Needleman Sulfhydryl Depletion Hypothesis. However, conflicting findings 
have been observed based on lack of demonstrated sulfhydryl depletion, as well 
as incomplete prevention or reversal by exogenous sulfhydryl repletion [76, 77].

 2. Multiple consequences of chronic nitrate exposure: Nitrate tolerance is accom-
panied by a myriad of events, including reduced ORN metabolism to NO and 
inactivation of ALDH2 [32], neurohormonal counter-regulation, presence of 
withdrawal rebound, presence of vascular oxidative stress, including increased 
O

2
•− accumulation [78], and extensive alteration of gene expression in the rat 

aorta [79, 80]. Partial avoidance/reversal of nitrate tolerance can be accomplished 
by a variety of agents such as N-acetylcysteine [81], vitamin C [82, 83], vitamin 
E [84], folic acid [85, 86], l-arginine [87], carvedilol [88], hydralazine [89], etc. 
Although eNOS uncoupling has been proposed as a mechanism of nitrate toler-
ance [90], eNOS knockout mice also exhibited this phenomenon [91].

 3. Other NO donors generally exhibited lack of self-tolerance or cross-tolerance to 
NTG: Cross-tolerance among ORN has been well demonstrated, both experi-
mentally [92] and clinically [93, 94]. Recently, however, some studies have sug-
gested that pentaerythrityl tetranitrate (PETN) may be less tolerance-inducing 
than NTG [37, 95]. Cross-tolerance of SNP to NTG was either not observed [96, 
97] or required a tenfold higher concentration of NTG, when compared to NTG 
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self-tolerance [98]. In a dozen studies involving SIN-1 (the active metabolite of 
molsidomine), neither self-tolerance nor cross-tolerance to NTG was demon-
strated (see, e.g., [99–102]). These data indicate that ORN tolerance is not medi-
ated at the level of sGC, since enzyme integrity is required for the action of 
PETN, SNP, and SIN-1.

The cumulative findings indicate that all these events of ORN tolerance could not 
have been mediated by one single target protein, e.g., ALDH2. In 2004, we  
proposed a biochemical mechanism of nitrate tolerance which recognizes the non-
selective nature of nitrate-mediated protein cysteine oxidation. We suggested that 
different cysteine-containing proteins may mediate different events associated with 
nitrate action (Fig. 13.2). Thus, inactivation of metabolic enzymes, such as ALDH2 
or glutathione-S-transferase, would result in reduced bioactivation and clearance. 
Oxidation of signaling proteins such as p21Ras and NFkB would lead to multiple 
changes in vascular gene expression, which, in turn, may induce withdrawal 
rebound and vasoconstriction. Finally, oxidation of the cardioprotective protein 
ALDH2 and remodeling protein matrix metalloproteinase-9 (MMP-9) could be 
responsible for the increased cardiac events associated with chronic ORN therapy 
(see later).

Several recent findings lend support to this view. Chronic NTG administration 
results in increased total protein S-glutathionylation in the aortic tissue of a rat 
model and is correlated with a reduced potency of NTG to vasodilate isolated aortic 
tissue [73]. In addition, NTG treatment mediated S-glutathionylation and increased 
activity of the GTPase, p21ras, in cultured human vascular endothelial cells [73]. 
Activated p21ras interacts with its downstream targets, Raf-1 and phosphati-
dylinositol 3-kinase. Ultimately these targets phosphorylate Akt and extracellular 

Fig. 13.2 Schematic representation of the interactions between organic nitrates (RONO
2
) and 

cellular proteins, resulting in multiple pharmacologic actions



21713 Pharmacology of Nitrovasodilators

signal-regulated kinase 1/2 (ERK 1/2), and promote increased smooth muscle cell 
proliferation through gene regulatory pathways [103]. The recent demonstration 
that NRF2 signaling is upregulated by the spontaneous NO donor spermine 
NONOate suggests that other signaling pathways are likely to be modulated by 
ORN as well. Spermine NONOate oxidizes the cysteine residues of NRF2’s inhibitor 
Kelch-like ECH-associated protein 1 (KEAP1). This action mediates the dissocia-
tion of the NRF2/KEAP1 complex located in the cytosol, allows NRF2 to translo-
cate to the nucleus, and results in the transcription of a group of proteins whose 
expression is regulated by antioxidant response elements [104].

Toxicology

Chronic and long-term ORN therapy has been associated with reduced survival 
when used in patients with coronary artery disease [105, 106], but the underlying 
mechanisms are not known. It is clear however that ORN therapy leads to increased 
vascular oxidative stress which in turn can produce endothelial dysfunction. ORN 
therapy causes an increased production of reactive oxygen species and reactive 
nitrogen species via several mechanisms including increased activity of NADPH 
oxidase and uncoupling of both NOS and mitochondrial respiration [41, 107, 108]. 
The enzymes ALDH2 [109] and xanthine oxidase [73] are also able to generate 
superoxide when incubated with NTG in vitro and may be another source of ROS 
in vivo. The induction of endothelial dysfunction in healthy volunteers [35, 110] 
and animal models [35] by chronic ORN at therapeutic doses has recently been 
described. This dysfunction was reversed by administration of the antioxidant 
Vitamin C suggesting that oxidative stress mediates this effect [110]. Superoxide 
formation was believed to be responsible for tolerance development, but it has been 
demonstrated, using knockout animal models, that tolerance still occurs despite a 
reduction in superoxide production, and that NADPH oxidase is not critical in 
mediating nitrate tolerance [73].

While ALDH2 inactivation in the vasculature may lead to ORN tolerance, its 
inactivation in the myocardium may have serious effects on cardiac health. It has 
recently been demonstrated that there is a strong correlation between cardiac 
ALDH2 activity and infarct size following ischemia/reperfusion in an ex vivo 
model of myocardial infarction. Preincubation with agents that inhibit ALDH2 
(e.g., NTG and cyanamide) resulted in larger infarcts while agents that increased 
cardiac ALDH2 produced the opposite effect [111]. During periods of ischemia and 
subsequent reperfusion, toxic and reactive aldehydes (e.g., 4-hydroxy-2-nonenal) 
are generated via lipid peroxidation and they have the ability to form protein 
adducts, resulting in cell damage [112]. These aldehydes are detoxified by cardiac 
ALDH2, and the ability of the myocardium to clear these aldehydes is directly cor-
related with ALDH2 activity [111].

ORN may also induce toxicity via destabilization of atherosclerotic plaques 
present in patients [113], via activation of MMP, including MMP-9. MMP-9, 
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like most MMP, is maintained inactive (as proMMP-9) via a “cysteine-switch” 
which involves a zinc–thiolate linkage at the active site. When the zinc–thiolate 
bond is broken, e.g., by cysteine oxidation, the switch is turned on and MMP is 
activated [114]. Using cultured macrophages, it has been demonstrated that 
NTG incubation increases MMP-9 mRNA, protein levels, and activity [113, 
115]. The activation of pro-MMP by NTG was shown to be mediated by 
cysteine oxidation, and the regulatory effect of NTG on MMP-9 expression is 
mediated via NFkB [116].

Conclusion

Nitrovasodilators remain a primary therapeutic agent in the pharmacologic man-
agement of coronary artery disease, myocardial infarction, and hypertensive crisis. 
Substantial aspects of their complex pharmacology, metabolism, and toxicology 
have been uncovered over their past century of use, but much remain to be delin-
eated. Nitrovasodilators have the potential to increase in vivo nitrite and nitrate 
exposure significantly, especially when given on a chronic basis. The long-term 
effects of this increased exposure on human health are not clear at present, and 
would require further studies.
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Key points

There is a long and rich history of the use of nitrite for medical conditions.•	
Nitrite has a number of essential functions in mammalian tissues.•	
Nitrite is reduced to nitric oxide in blood and tissues, particularly in hypoxic or •	
ischemic conditions.
Nitrite protects from ischemia-reperfusion injury due to modulation of mito-•	
chondrial respiration.
Nitrite has been shown in animal models to be beneficial in cardiovascular dis-•	
ease, cerebral, hepatic and renal I-R injury, effective for pulmonary disorders, 
peripheral artery disease and sickle cell disease.
Very low levels of nitrite are needed for protection.•	
There are now a number of clinical trials for the use of nitrite in a number of •	
disease conditions.
Nitrite-based therapies may provide a safe and cost-effective strategy for condi-•	
tions of NO insufficiency.
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Introduction

The therapeutic effects of nitrite and nitric oxide (NO) on the cardiovascular system 
were initially realized during medieval times in ancient Chinese medicine. In 1900, 
a Daoist monk discovered thousands of medieval Buddhist manuscripts, paintings, 
and other documents in a grotto in the ancient Silk Road town of Dunhuang where 
they were hidden for over 900 years. Anthony Butler, Zhou Wuzong, and John 
Moffett translated a medical recipe from these manuscripts recently [1]. In this 
recipe, the patient is instructed to place potassium nitrate under the tongue, and then 
swallow the saliva to treat symptoms of angina and digital ischemia. The signifi-
cance of the instructions is that salivary nitrate-reducing bacteria convert the nitrate 
into nitrite. Therefore, if the patient followed the physician’s instructions fully, he 
or she would, in fact, be consuming nitrite, known to be effective in alleviating pain 
resulting from angina. In 1859, the English chemist Fredrick Guthrie noted that the 
vapor from amyl nitrite on inhalation caused an “immediate flushing of the neck, 
temples and forehead and an acceleration in the action of the heart.” These sugges-
tive vasodilatory actions of nitrite inspired Sir Thomas Lauder Brunton to adminis-
ter amyl nitrite to his patients with angina pectoris, and in what was considered to 
be the first report on the medical use of nitrite, he described how within a minute 
after inhalation, a few drops of amyl nitrite caused the anginal pain to disappear.

Close on the heels of organic nitrite, inorganic sodium nitrite was shown to 
increase coronary flow as well in the 1920s [2]. In comparison to organic amyl 
nitrite, inorganic sodium nitrite produced a more sustained vasodilatory effect [3] 
and hence, was considered a better drug.

Although nitrites were used for the treatment of angina and hypertension, they 
fell out of repute because of concern about multiple side effects. Amyl nitrite was 
reported to cause blindness, an effect not seen during the last century of its use [4]. 
Alkyl nitrite administered at very high doses has been associated with increased 
incidence of Kaposi’s Sarcoma probably due to its carcinogenic potential presum-
ably from the formation of N-nitroso compounds [5]. Nitrite therapy at extremely 
high dosages has the potential for inducing methemoglobinemia (for which reason 
it is used today as treatment for cyanide poisoning [6]). In addition, amyl nitrite 
possesses a potential for abuse [7]. These side effects together with increased use 
of nitroglycerin (NTG) for treatment of angina led to gradual decrease in the use of 
nitrite in the clinical setting; however, interest in nitrite resurfaced following the 
discovery of the physiological role of NO in both health and disease states, and with 
characterization of its metabolism into nitrite and nitrate in mammalian tissues.

NO generated in cells and tissues is oxidized to produce nitrite. Hence, in cells 
and tissues, inorganic nitrite is an oxidative metabolite of NO. In this regard, 
nitrite has long been considered to be a physiologically and biochemically defunct 
byproduct of NO metabolism. Today, however, nitrite is spearheading the field of 
NO biology with the discovery that it represents a physiologically critical storage 
form and also a valuable source of NO in blood and tissues. Nitrite storage 
pools can readily be reduced to NO under certain pathological conditions [8–11]. 
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This intriguing series of discoveries has spawned an entirely new field of research 
that involves the investigation of the molecular, biochemical and physiological 
activities of nitrite under a variety of physiological and pathophysiological states. 
Recent experimental studies clearly demonstrate that nitrite therapy is extremely 
cytoprotective in a number of animal models of disease. In this chapter, we will 
highlight the most recent evidence supporting the cytoprotective actions of nitrite 
in the setting of ischemia-reperfusion (I-R) injury. We will also elucidate its poten-
tial role as a therapeutic agent and as a biomarker of cardiovascular health and 
disease. We then offer comparison between nitrite and classical NO donors in the 
treatment of ischemic heart disease.

Bioconversion of Inorganic Nitrate and Nitrite to Nitric Oxide

Nitrite in the circulation and tissues is normally derived exclusively from either 
exogenous dietary sources or endogenous production, following generation of NO 
by endothelial nitric oxide synthase (eNOS). Exogenously, nitrite is obtained from 
ingestion of cured meats, green vegetables, and, more importantly, by conversion 
of dietary nitrate by commensal bacteria in the upper gastrointestinal tract and oral 
microbiota [12]. Nitrite, when swallowed, is subsequently reduced to NO in the 
acidic environment in the stomach [13] and additionally generated by gut bacteria 
with active nitrite reductase enzyme systems [14]. Endogenously, nitrite is formed 
from NO, which itself is synthesized from the amino acid, l-arginine, primarily by 
the action of eNOS. Nitrite levels therefore directly correlate with the activity of the 
eNOS enzyme [15] and have even been proposed as a biomarker of this key enzyme 
[16]. It is estimated that roughly 50% of the circulating nitrite in blood is derived 
from nitric oxide production, while the other 50% may be derived from dietary 
sources and reduction of salivary nitrate [17, 18].

Nitrite in plasma can be reduced to NO under certain conditions by a number of 
nitrite reductases, including deoxyhemoglobin [19–22], myoglobin [23], neuro-
globin, cytoglobin [24], xanthine oxidase [25], mitochondrial enzymes such as 
cytochrome c [26], and aldehyde dehydrogenase 2 [27, 28], and also by acidic dis-
proportionation [29, 30]. Nitrite, moreover, forms nitrosation products of thiols and 
nitrosylation products of heme with [31] or without the intermediate formation of 
NO [32]. Nitrite and these nitrosation products have now evolved to represent prin-
cipal storage pools of NO in the body rather than be inert metabolites of NO devoid 
of any biological function [25].

Nitrite has numerous fundamental circulatory functions in mammalian tissues. 
Nitrite has been shown to mediate vasodilation during hypoxia by both NO-dependent 
[33] and -independent pathways [34, 35]. Very importantly, in hypoxic or ischemic 
conditions, nitrite is the primary source of NO, which then leads to vasodilation and 
cytoprotection [36]. This is because endogenous l-arginine-eNOS-NO pathway 
requires a constant supply of oxygen to produce NO in tissues, and hypoxic conditions 
cripple this pathway and its ability to synthesize NO [37–39] (Fig. 14.1). Additionally, 
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xanthine oxidase, a nitrite reductase, is more active under hypoxic and acidic conditions 
and, hence, is another important source of NO (more so than eNOS) during ischemia 
[40]. In addition to the proposed role of nitrite in regulating blood flow to organs, nitrite 
plays a prominent role in defending cells against I-R injury as discussed below.

Mechanisms of Protection by Nitrite and Nitric Oxide in I-R

I-R injury is characterized by numerous detrimental cellular events, such as oxida-
tive damage to proteins and lipids, enzyme release, and inflammatory responses, 
which ultimately lead to necrosis and apoptosis of tissues [41, 42]. I-R injury 
propagates mitochondrial dysfunction (leading to reduced ATP synthesis) [43], 
deranges mitochondrial enzymes leading to formation of reactive oxygen species 
(ROS) [44, 45], and instigates opening of the mitochondrial permeability transition 
pore (MPTP) [46]. These changes eventually lead to increased calcium influx into 
the mitochondria exacerbating mitochondrial and cellular injury [47, 48]. The pres-
ence of NO abrogates mitochondrial pathology and leads to substantial protection 
during I-R. In this regard, NO reversibly inhibits mitochondrial enzymes [49, 50] 
and prevents formation of ROS [51]. Similarly, nitrite-derived NO reduces mito-
chondrial ROS generation at the time of reperfusion [52]. NO hinders release of 

Fig. 14.1 During normoxia, oxygen tension is adequate and endothelial nitric oxide synthase 
(eNOS) functions normally to produce NO. NO acts on target cells and tissues, and any excess 
NO constantly replenishes nitrite stores via oxidation reactions with oxygen. Nitrite represents a 
critical NO storage pool. During hypoxia, eNOS is dysfunctional resulting in a fall in NO synthe-
sis and endogenous nitrite generation. Nitrite stores are very rapidly reduced to NO via the actions 
of hemoglobin in the blood stream and via the actions of mitochondrial enzymes, myoglobin, and 
xanthine oxidase in the tissues. Thus, formation of NO from nitrite represents an NO salvage 
pathway that promotes cytoprotection during hypoxia
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cytochrome c [53] and very potently inhibits apoptosis [54]. Similarly, nitrite inhibits 
mitochondrial complex 1 following I-R, thereby limiting formation of ROS [55]. 
Nitrite-derived NO further activates guanylyl cyclase, inhibits cytochrome P450, 
and modulates HSP 70 and HO-1 activity [56, 57].

Vascular inflammation adversely affects blood vessels and the endothelium in the 
basal state and exacerbates the severity of I-R injury [58–62]. Plasma nitrite levels cor-
relate well inversely with the severity of endothelial dysfunction [63–66], with decreased 
plasma nitrite levels observed in persons with known cardiovascular risk factors. Dietary 
supplementation of nitrite increases levels of the eNOS co-factor, tetrahydrobiopterin, 
and decreases levels of the inflammatory marker, C-reactive protein, thereby reducing 
endothelial dysfunction in mice fed a high cholesterol diet [67]. Thus, nitrite therapy to 
improve NO bioavailability can potentially be used for the numerous conditions 
associated with endothelial dysfunction (Fig. 14.2). Nitrite therapy also retards the 
progression of coronary atherosclerosis, hypertension, cardiovascular disease, and 
potentially attenuates the severity of any I-R injury that may arise in due course.

Fig. 14.2 Endothelial dysfunction is the hallmark of numerous cardiovascular risk factors, such as 
dyslipidemia, hypertension, diabetes, aging, and obesity. In these conditions, the l-arginine-eNOS-
NO pathway activity is suppressed owing to dysfunction of eNOS, which leads to decreased nitric 
oxide and nitrite bioavailability in the blood and tissues. Decreased nitrite level results in abnormal 
platelet activation, abnormal vasoconstriction, and inability to scavenge oxygen free radicals. In 
addition, dysfunctional eNOS shifts the above pathway into superoxide generation, leading to 
heightened oxidative stress in tissues. Ultimately, vascular endothelial dysfunction contributes to 
the pathology of hypertension, atherosclerosis, acute myocardial infarction, and stroke
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Nitrite-Mediated Cytoprotection in Various Organs

Nitrite in Cardiovascular Disease

Endogenous NO derived from NOS plays a vital role in imparting protection during 
reperfusion injury; its absence leads to increased injury in the heart [17]. 
Administration of nitrite alleviates reperfusion injury by augmenting NO levels in 
the coronary circulation and in the myocardium. During ischemia and reperfusion, 
the decrease in plasma levels of nitrite coincides with increase in levels of 
S-nitrosated and nitrosylated (heme) proteins [68] suggesting that NO is derived 
from nitrite during the conditions of ischemia and reperfusion. Even brief elevation 
in nitrite levels modulates redox status, lowers oxidized glutathione levels, induc-
ing significant cardioprotection in the setting of cardiac injury [69].

Nitrite administered during myocardial I-R reduces infarct size and improves 
left ventricular (LV) function [70], boosting ejection fraction [71]. In a canine 
model of myocardial I-R, apart from reducing infarct size and improving LV func-
tion [71], nitrite also limits endocardial “no flow” phenomenon [71]. Nitrite admin-
istered orally is as beneficial as nitrite given intravenously. Nitrite, administered in 
the drinking water for 7 days prior to myocardial I-R increases plasma and myocar-
dial nitrite levels, augments S-nitrosothiol levels, and results in decreased infarct 
size in mice [72]. The cardioprotection observed with nitrite is independent of 
eNOS-derived NO [68] since eNOS knockout mice exhibit profound protection.

The mechanisms through which nitrite protects myocytes are many and varied. 
Nitrite protects the heart by activating K

ATP
 channels [73], reducing apoptosis [71], 

and decreasing the formation of ROS [70]. Of note two enzymes play a key role in 
nitrite-mediated protection. Xanthine oxidase mediated NO formation is enhanced 
with nitrite infusions in rats during myocardial I-R injury [74]. Inhibition of xan-
thine oxidase abolishes the cardioprotective action of nitrite [73]. Myoglobin is 
another important nitrite reductase in the heart and plays an important role in the 
course of I-R as well [70].

Nitrite therapy has also been shown to be highly beneficial in the setting of 
cardiac arrest in animal models. Cardiac arrest and subsequent resuscitation may be 
viewed as a situation of global reperfusion injury whereby injury occurs in organ 
systems throughout the body [75]. In a mouse model of asystole for 12 min fol-
lowed by CPR, a single low dose of nitrite resulted in improved survival, better 
cardiac function, and improved neurological outcomes [76].

Nitrite Therapy and Cerebral I-R Injury

Cerebral I-R injury is characterized by increased production of ROS, cellular dys-
function, apoptosis, and cellular necrosis. NO donors such as ProliNO reduce ROS 
and cerebral infarct volume [77]. Similarly, nitrite therapy administered at reperfusion 
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following middle cerebral artery occlusion (MCAO) in rats increases cerebral 
blood flow, decreases infarct volume, and decreases lipid peroxidation [78]. Nitrite 
administration within 1.5 h of permanent focal ischemia or within 3 h of transient 
ischemia to brain also reduces infarct volume and hastens recovery in rats [79]. 
Nitrite reduces the amount of microhypoxia in rats by minimizing the number of 
ischemic cells expressing HIF-1alpha [79]. Nitrite co-administered with meman-
tine, a NMDA receptor inhibitor, also leads to reduction in oxidative stress during 
reperfusion [79]. It may be important to administer nitrite early in the course of 
reperfusion as delayed treatment does not confer cytoprotection [80].

It has been suggested that dysfunctional eNOS is responsible for the delayed 
vasospastic response after subarachnoid hemorrhage (SAH) [81]. Nitrite therapy in 
a primate model of vasospasm (induced by blood clot placement in the cerebral 
arteries and consequent SAH) resulted in increased nitrite and S-nitrosothiol levels 
in the blood and cerebrospinal fluid (CSF) with an attributable delay in cerebral 
vasospasm [82]. Nitrite-based therapy for cerebral vasospasm is currently being 
tested in humans. There is an ongoing phase 2 clinical trial assessing safety and 
pharmacokinetics of a 14-day nitrite infusion for prevention of cerebral vasospasm 
[83]. Hypertension increases risk of stroke in many elderly patients. Following 
stroke, treatment of labile hypertension is frequently challenging [84]. Nitrite treat-
ment may help control blood pressure in hypertension and improve cerebral blood 
flow [85] in many of these patients.

Nitrite Therapy and Hepatic I-R Injury

Reperfusion injury in the liver leads to considerable morbidity and mortality. I-R 
injury commonly occurs with liver transplantation, thermal injury, and shock. 
During liver I-R, there is an imbalance between vasoconstrictors and vasodilators 
leading to disruption of microcirculation [86]. There is also a rapid decrease in NO 
bioavailability [87]. NO protects the liver during I-R injury by inactivation of cas-
pase 3, opening mitochondrial K

ATP
 channels, and inhibition of complex 1 [88]. NO 

prevents MPTP-dependent necrosis of ischemic hepatocytes after reperfusion 
through a guanylyl cyclase and cGMP-dependent kinase signaling pathway [89].

In the liver, as with heart and brain, endogenous nitrite is a vital source of NO. 
During ischemic and hypoxic conditions, endogenous nitrite protects against the 
development of hepatocellular injury through xanthine oxidase mediated NO 
release [90]. During ischemia, NO generated from nitrite mediates signaling and 
formation of nitrosation and nitrosylation protein products in tissues [91]. 
Endogenous stores of nitrite are undoubtedly consumed to combat the oxidative 
stress associated with I-R injury. Exogenous administration of nitrite, then, replen-
ishes these depleted endogenous nitrite stores and additionally leads to the forma-
tion of N-, S-, and heme-nitrosated or nitrosylated hepatic proteins [68].

As with the heart, nitrite may be administered orally to protect the liver against 
I-R injury. Regular dietary intake of nitrite and its precursor inorganic nitrate maintains 
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normal levels of nitrite in plasma and deficiency in diet leads to reduced levels in 
the blood and therefore exacerbated I-R injury [92]. The effect of one time admin-
istration of nitrite lasts up to 24 h. Nitrite given orally 24 h prior to I-R inhibits 
complex 1 in mitochondria, thus reducing the formation of ROS and attenuating 
both hepatic and myocardial I-R injury [55].

Nitrite Therapy and Renal I-R Injury

NO donors, including those with structures similar to S-nitrosothiols, effectively 
combat inflammatory responses that occur during I-R injury [93]. NO donor drugs, 
such as molsidomine [94] and sodium nitroprusside [95], attenuate I-R injury in 
kidneys; NO derived from these drugs diminishes apoptosis [96], suppresses tubu-
lar necrosis [97], and inhibits ET-1 expression [95].

In the kidney, nitrite is an important source of NO during ischemic syndromes 
[98]. eNOS has also been proposed to be an important nitrite reductase contributing 
to protection during renal I-R in ischemic conditions [99]. Additionally, xanthine 
oxidase mediates the reduction of nitrite to NO while the presence of a xanthine 
oxidase inhibitor prevents NO formation leading to enhanced renal injury [100]. 
However, nitrite administration must precede renal ischemic events to offer optimal 
protection because some studies revealed failure of nitrite treatment administered 
during ischemia [101], but beneficial effects when administered prior to onset of 
ischemia [102]. Clinically, this pharmacologic “preconditioning” may be applicable 
only to scenarios such as renal transplantation. Nitrite is also a potential antihyper-
tensive. Administering nitrite orally may replete circulating NO levels, and thus 
protect the kidney during hypertension [103]. It is possible that the hypotensive 
effect of a diet rich in fruits and vegetables is due to the release of NO [104, 105]. 
Nitrite therapy may additionally benefit individuals with renal insufficiency by 
controlling blood pressure and slowing the progression of hypertension-induced 
renal injury.

Nitrite Therapy for Pulmonary Disorders

Nitrite therapy is beneficial in several pulmonary disorders. Nitrite given by inhala-
tion in newborn lambs with normoxic pulmonary hypertension has been shown to 
cause pulmonary vasodilation. This inhalational route has the advantage of limiting 
the systemic appearance of methemoglobin levels [106] and hence, can be used in 
neonates. Pulmonary hypoxia leads to depletion of RSNO levels and leads to reflex 
constriction of the pulmonary arteries [107]. Nitrite attenuates this resultant acute 
pulmonary vasoconstriction during hypoxia [108]. Nitrite treatment prevents 
smooth muscle proliferation in pulmonary arteries and attenuates the pathological 
right ventricular hypertrophy seen in pulmonary hypertension [109]. The beneficial 
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reduction of pulmonary arterial pressure is sustained since it lasts for approximately 
1 h after the cessation of nitrite infusion [110]. This sustained pulmonary vasodila-
tion despite plasma nitrite levels returning to baseline value suggests that nitrite has 
prolonged vasodilatory effects after one time administration. As with other organs, 
xanthine oxidase reduces nitrite to NO, especially under hypoxic conditions in the 
lung [111].

Additionally, nitrite treatment conferred benefits during hemolysis and pulmo-
nary embolism. Pulmonary hypertension accompanies hemolysis [112] and nitrite 
infusion counteracts this elevation of pulmonary pressure [113]. Nitrite treatment 
has been beneficial for pulmonary thromboembolism where it improved cardiac 
index and pulmonary and systemic vascular resistance indices [114]. High-altitude 
pulmonary hypertension is associated with reduced nitrite levels [115]. Replenishing 
nitrite levels may benefit these patients as well.

Nitrite Therapy for Peripheral Arterial Disease

Plasma nitrite levels correlate with vasodilatory responses in normal individuals 
[116]. Patients with peripheral arterial disease (PAD) are affected by abnormal 
vasoreactivity and reduced peripheral vascular perfusion that correlates with 
deranged nitrite levels [117, 118]. Nitrite-derived NO is known to vasodilate blood 
vessels during hypoxia and directly stimulate angiogenesis and vasculogenesis 
[119, 120]. Not surprisingly, NO-based therapies have been shown to induce angio-
genesis in the setting of the chronic ischemia that results from PAD [121]. Chronic 
nitrite therapy leads to endothelial cell proliferation and neovascularization in isch-
emic limbs [122]. In a clinically relevant model of hind-limb ischemia, low-dose 
sodium nitrite increased vascular density through endothelial cell proliferation as 
early as 3 days after ischemia. Therapy with sodium nitrite increased the levels of 
tissue nitrite and NO metabolites in the ischemic limb. Interestingly, the levels of 
these metabolites were lower in the nonischemic limb. Thus nitrite therapy leads to 
an effective and highly tissue-selective angiogenic response in a short period of 
time after limb ischemia. At present, sodium nitrite is under development for the 
treatment of PAD in humans as clinical trials have been recently initiated.

Nitrite Therapy for Sickle Sell Disease

Sickle cell disease is the most common genetic disorder in the African American 
population and is characterized by oxidative stress and endothelial dysfunction 
[123]. Multiple microvascular vaso-occlusive episodes lead to insufficient perfu-
sion and ultimately to multi-organ injury. Reduced NO bioavailability is now 
thought to play an important role in pathophysiology of this disease [124]. 
Hydroxyurea (an NO donor) represents the only FDA approved drug currently for 
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the treatment of this crippling condition. A reduction of nitrite levels has been 
observed in patients with sickle cell crisis [125]. A human trial testing the ability 
of nitrite infusions to improve blood flow showed that sickle cell patients did 
indeed achieve a dose-dependent increase in regional blood flow though to a lesser 
extent compared to healthy individuals [126]. This suggests that sickle cell patients 
are more resistant to NO-based therapy than their healthy counterparts. However, 
nitrite therapy proved to be safe in this study and represents a potential therapeutic 
drug. Additional safety and blood parameters along with alleviation of pain in 
sickle cell patients treated with nitrite injections are being currently tested [127]. 
Results from this latest trial will estimate the efficacy of nitrite therapy for sickle 
cell disease and establish if further testing is meritorious.

Benefits of Low-Dose Nitrite Therapy

In most of the studies mentioned in this chapter, a low dose of nitrite was employed 
to attenuate I-R injury or demonstrate other beneficial effects (Table 14.1).

Clinical Trials on Nitrite Therapy

It is surprisingly evident that studies in human subjects on the use of nitrite in 
health and disease have been scarce, and this void is now being filled with a spate 
of clinical trials being conducted by the NHLBI in the last few years. Pharmacokinetics 

Table 14.1 This table summarizes the concentration and dose of nitrite solutions used in various 
experiments

References Nitrite dose

Webb et al. [74] 10–100 mM infusion 15 min prior to I/R
Hendgen-Cotta et al. [70] 0–50 mM 5 min before R
Gonzalez et al. [71] 0.17–0.20 mM/kg/min infusion during last 60 min and last 5 min 

of ischemia
Cosby et al. [19] 36 mM/mL infusion in healthy individuals
Duranski et al. [68] 48 nmol blood conc. (165 mg/kg i.p.) during hepatic and 

myocardial I/R
Jung et al. [78] 48 and 480 nmol in 500 mL as infusion at R
Kumar et al. [122] 165 mg/kg via i.p. injection twice daily for 3–7 days after limb 

ischemia
Stokes et al. [67] 33 or 99 mg/L elemental nitrite in drinking water with high 

cholesterol rich diet for 3 weeks
Bryan et al. [17] 50 mg/L nitrite in drinking water for 1 week prior to I/R
Bryan et al. [72] 50 mg/L nitrite in drinking water
Dezfulian et al. [76] 0.13 mg/kg iv at the time of CPR

The majority of studies have utilized nitrite in micromolar concentrations
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of systemic nitrite infusion and NO formation are being evaluated in a phase 1 
clinical trial in healthy volunteers aged 21–40. The effects of nitrite on blood pres-
sure and the mechanism by which it increases blood flow are also being studied in 
this yet unpublished trial [128]. Many other phase 1 clinical trials in healthy volun-
teers have been recently completed: studying the effects of nitrite on exercise toler-
ance [129], determining the optimum dose of nitrite for infusion [130], determining 
whether nitrite can dilate blood vessels through formation of NO [131], confirming 
the role of nitrite in ischemic preconditioning [132], and whether the amount of 
nitrites and nitrates in the diet correlates with the amount of NO exhaled [133]. The 
results of these studies in healthy volunteers will greatly augment the understanding 
of role of nitrite in physiological regulation of blood pressure, exercise tolerance, 
ischemic preconditioning, and its pharmacokinetics.

Apart from studies on healthy volunteers, clinical trials of the possible benefits 
of nitrite in disease have also been started in the last few years. There is an ongoing 
phase 2 clinical trial on the use of sodium nitrite for acute myocardial infarction. 
Subjects assigned to sodium nitrite group will receive an initial infusion of 6 nmol/
min/kg for 48 h. As a primary outcome measure, the effects of sodium nitrite on 
myocardial infarct size will be assessed as determined by paired single-photon 
computed tomography studies with technetium Tc99m sestamibi [134]. The benefit 
of nitrite therapy prior to or during coronary artery bypass thereby targeting reper-
fusion injury is being investigated in a phase 2 trial [135]. Another phase 2 trial 
assessing the role of dietary nitrite in causing NO-induced vasodilation in patients 
with coronary artery disease has been completed recently, the results of which are 
awaited [136]. Since nitrite possesses a potential to induce angiogenesis in isch-
emic limbs, a novel, orally active, extended release formulation of sodium nitrite is 
being tested in PAD in diabetics in a Phase I clinical trial [137]. The outcome from 
these studies, both from healthy volunteers and patients with cardiovascular dis-
ease, will answer important questions regarding the use of nitrite in combating 
cardiovascular disease.

Plasma Nitrite Level as a Biomarker of Cardiovascular Disease

Nitrite level in the plasma has been proposed as biomarker of disease risk. Plasma 
levels of nitrite and of inflammatory biomarkers are elevated in patients with 
increased cardiovascular risk [138] and in elderly individuals over 80 [139]. Nitrite 
levels are elevated in individuals with increased lipid levels in the blood [140]; 
however, plasma nitrite and nitrate levels have been shown to be decreased in 
patients with hypertension [141]. More data are needed to ascertain the role of 
plasma nitrite level in predicting disease risk and prognosis. To this end, an obser-
vational study evaluating nitrite as a biomarker for cardiovascular disease risk has 
been completed recently [142]. It would be interesting to know if nitrite would 
prove to be an effective screening molecule in detecting patients with increased 
cardiovascular risk.
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Implications of Dietary Nitrite and Nitrate Supplementation: 
Safety and Cost Effectiveness Analysis

Fruits and vegetables have numerous protective components, which include nitrates 
and nitrites [143]. Nitrate contained in vegetables has excellent bioavailability 
[144]. Similarly sodium nitrite ingested orally is absorbed well and has low first-
pass metabolism in the liver [145]. It is now known that a diet rich in fruits and 
vegetable reduces the incidence of coronary heart disease [146] and stroke [147]. 
Fruit and vegetable consumption in women is associated with a decreased inci-
dence of diabetes [148]. A diet rich in fruits, vegetables, and low-fat dairy products 
along with a low daily intake of total and saturated fats has been shown to reduce 
blood pressure comparable to a single anti-hypertensive medication [149, 150]. The 
blood pressure-lowering effects of ingested nitrate interestingly correlate with 
nitrite levels in plasma but not with nitrate levels, suggesting that nitrite is the final 
effector of blood pressure reduction [151]. In fact, in a 60-kg adult, high-nitrate 
DASH diet pattern has been shown to exceed the World Health Organization’s 
Acceptable Daily Intake for nitrate by 550% [104]. Even in normal individuals, 
diets rich in nitrate have been shown to reduce diastolic blood pressure [152]. 
Nitrate ingestion has additional benefits such as inhibition of platelet aggregation 
[153] and reduced oxygen demand. Nitrate utilization by skeletal muscle thereby 
augments exercise capacity [154–157]. It is highly likely that nitrate in all of these 
instances is converted to nitrite in the body, which may account for the benefits 
demonstrated in these studies.

Another source of nitrite is the food processing industry. Sodium nitrite is 
added during the curing of meats to produce the characteristic dark color and to 
preserve freshness. There have been concerns of nitrite combining with proteins 
in meat to form N-nitrosamines, which are carcinogenic. This led to the food 
industry using antioxidants, such as vitamins C and E, to suppress the formation 
of N-nitrosamines. Today, governments of many countries regulate nitrate and 
nitrite levels in beverages and drinking water; however, the evidence is not con-
vincing about causation of cancer by nitrites and nitrates [158]. The risk of devel-
opment of cancer is outweighed by the health benefits of dietary nitrites and 
nitrates [104, 105].

Though levels of nitrates and nitrites in dietary sources are being regulated, the 
safety of chronic pharmacotherapy with organic nitrates has never been questioned. 
Organic nitrates have been used for the treatment of ischemic heart disease for a 
very long time due to their perceived beneficial hemodynamic effects. Development 
of tolerance was viewed merely as decreased sensitivity of patients to the medica-
tion eliciting an escalation of dose by care providers. This view has now come 
under scrutiny since tolerance encompasses much more than purely nonresponsive-
ness of patients [159].
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Conclusions

Nitrite has now emerged as a critically important signaling molecule involved in 
maintaining perfusion and redox status in tissues, not solely a metabolic product of 
NO in tissues. It is the principal source of NO in hypoxic conditions and oxidative 
stress states (Fig. 14.3). Nitrite has several disparate advantages as a therapeutic 
agent in that it is an extremely stable compound, relatively inexpensive, and can be 
easily administered as shown by its demonstrable efficacy as an oral, inhalational, 
and intravenous agent (Fig. 14.4). Nitrite, unlike the current NO donors in clinical 
use, does not lead to tolerance [160] and, hence, can be used for chronic therapy.

Nitrite offers an immense therapeutic potential for the treatment of the most 
prevalent diseases and their complications, as they impose huge societal burdens in 
terms of healthcare resources. Conditions such as ischemic heart disease, stroke, 
and respiratory disorders represent three of the top five killer diseases in the United 
States, and thankfully, may be amenable to nitrite therapy. Additionally, nitrite 

Fig. 14.3 Nitrite is an important source of NO during both acute and chronic ischemic disease 
states. NO derived from nitrite has been shown to limit both ischemic and reperfusion injury in 
the brain, lungs, heart, peripheral circulation, kidneys, and liver in a number of preclinical studies. 
At present, clinical trials are underway to evaluate both the efficacy and safety of nitrite therapy 
in a variety of ischemic syndromes
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treatment may be beneficial in chronic cardiovascular disease associated with central 
obesity and diabetes [161]. The future translation of nitrite from bench to bedside 
will undeniably prove to be an exciting time in the treatment of ischemic states, 
such as myocardial infarction, stroke, and solid organ transplantation. Further 
insights gleaned from preclinical investigations will likely provide evidence for the 
investigation of various forms of sodium nitrite for other clinical conditions.

Despite the overwhelming enthusiasm to develop sodium nitrite therapy for the treat-
ment of cardiovascular disease, it is very important to proceed with caution. There is 
general agreement that very high levels of NO can promote tissue injury, decrease blood 
pressure, and reduce cardiac performance. Thus, it is extremely important to consider 
the timing of administration as well as the dosing when dealing with nitrite or any other 
agents that augment NO bioavailability. Finally, one must also consider the possible 
drug interactions between nitrite-based therapies and other agents to avoid further 
potential toxic effects. When these pharmacokinetic and pharmacodynamic issues have 
been addressed, the potential clinical benefits of nitrite therapy may be realized.

Fig. 14.4 Nitrite has numerous advantages over classical organic nitrates and NO donors. Nitrite 
can be administered by multiple routes and has proven thus far to be very safe. Specific tissue 
targeting by nitrite is possible because hypoxic tissues selectively utilize nitrite to generate NO. 
Repeated administration of nitrite does not induce tolerance unlike classical nitrates
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Disclosure David J. Lefer (D.J.L.) is a participant on two pending United States Patents 
(patents no. 60/511244 and 61/003150) on the use of sodium nitrite in cardiovascular disease. 
In addition, D.J.L is also on the scientific advisory board of Theravasc, Inc., a company that 
is developing sodium nitrite therapy for peripheral arterial disease and other cardiovascular 
conditions.

References

 1. Lundberg JO, Weitzberg E, Gladwin MT. The nitrate-nitrite-nitric oxide pathway in physiology 
and therapeutics. Nat Rev Drug Discov. 2008;7(2):156–67.

 2. Bodo R. The effect of the “heart-tonics” and other drugs upon the heart-tone and coronary 
circulation. J Physiol. 1928;64(4):365–87.

 3. Nossaman VE, Nossaman BD, Kadowitz PJ. Nitrates and nitrites in the treatment of isch-
emic cardiac disease. Cardiol Rev. 2010;18(4):190–7.

 4. Fledelius HC. Irreversible blindness after amyl nitrite inhalation. Acta Ophthalmol Scand. 
1999;77(6):719–21.

 5. Haverkos HW, Dougherty J. Health hazards of nitrite inhalants. Am J Med. 1988;84(3 Pt 1): 
479–82.

 6. Gracia R, Shepherd G. Cyanide poisoning and its treatment. Pharmacotherapy. 
2004;24(10):1358–65.

 7. Wu LT, Schlenger WE, Ringwalt CL. Use of nitrite inhalants (“poppers”) among American 
youth. J Adolesc Health. 2005;37(1):52–60.

 8. Dezfulian C, Raat N, Shiva S, Gladwin MT. Role of the anion nitrite in ischemia-reperfusion 
cytoprotection and therapeutics. Cardiovasc Res. 2007;75(2):327–38.

 9. Lefer DJ. Emerging role of nitrite in myocardial protection. Arch Pharm Res. 
2009;32(8):1127–38.

 10. Jensen FB. The role of nitrite in nitric oxide homeostasis: a comparative perspective. 
Biochim Biophys Acta. 2009;1787(7):841–8.

 11. Manukhina EB, Malyshev IY, Smirin BV, Mashina SY, Saltykova VA, Vanin AF. Production 
and storage of nitric oxide in adaptation to hypoxia. Nitric Oxide. 1999;3(5):393–401.

 12. Lundberg JO, Weitzberg E, Cole JA, Benjamin N. Nitrate, bacteria and human health. Nat 
Rev Microbiol. 2004;2(7):593–602.

 13. Lundberg JO, Weitzberg E. NO generation from inorganic nitrate and nitrite: role in physiology, 
nutrition and therapeutics. Arch Pharm Res. 2009;32(8):1119–26.

 14. Sobko T, Reinders CI, Jansson E, Norin E, Midtvedt T, Lundberg JO. Gastrointestinal bac-
teria generate nitric oxide from nitrate and nitrite. Nitric Oxide. 2005;13(4):272–8.

 15. Kleinbongard P, Dejam A, Lauer T, Rassaf T, Schindler A, Picker O. Plasma nitrite reflects 
constitutive nitric oxide synthase activity in mammals. Free Radic Biol Med. 2003; 
35(7):790–6.

 16. Gladwin MT. Haldane, hot dogs, halitosis, and hypoxic vasodilation: the emerging biology 
of the nitrite anion. J Clin Invest. 2004;113(1):19–21.

 17. Bryan NS, Calvert JW, Gundewar S, Lefer DJ. Dietary nitrite restores NO homeostasis and 
is cardioprotective in endothelial nitric oxide synthase-deficient mice. Free Radic Biol Med. 
2008;45(4):468–74.

 18. Bryan NS. Cardioprotective actions of nitrite therapy and dietary considerations. Front 
Biosci. 2009;14:4793–808.

 19. Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S. Nitrite reduction to nitric 
oxide by deoxyhemoglobin vasodilates the human circulation. Nat Med. 2003;9(12): 
1498–505.



240 M. Lavu et al.

 20. Gladwin MT, Schechter AN. NO contest: nitrite versus S-nitroso-hemoglobin. Circ Res. 
2004;94(7):851–5.

 21. Gladwin MT, Crawford JH, Patel RP. The biochemistry of nitric oxide, nitrite, and  
hemoglobin: role in blood flow regulation. Free Radic Biol Med. 2004;36(6):707–17.

 22. McMahon TJ, Moon RE, Luschinger BP, Carraway MS, Stone AE, Stolp BW. Nitric oxide 
in the human respiratory cycle. Nat Med. 2002;8(7):711–7.

 23. Kim-Shapiro DB, Gladwin MT, Patel RP, Hogg N. The reaction between nitrite and hemo-
globin: the role of nitrite in hemoglobin-mediated hypoxic vasodilation. J Inorg Biochem. 
2005;99(1):237–46.

 24. Petersen MG, Dewilde S, Fago A. Reactions of ferrous neuroglobin and cytoglobin with 
nitrite under anaerobic conditions. J Inorg Biochem. 2008;102(9):1777–82.

 25. Lundberg JO, Weitzberg E. NO generation from nitrite and its role in vascular control. 
Arterioscler Thromb Vasc Biol. 2005;25(5):915–22.

 26. Basu S, Azarova NA, Font MD, King SB, Hogg N, Gladwin MT. Nitrite reductase activity 
of cytochrome C. J Biol Chem. 2008;283(47):32590–7.

 27. Daiber A, Munzel T. Nitrate reductase activity of mitochondrial aldehyde dehydrogenase 
(ALDH-2) as a redox sensor for cardiovascular oxidative stress. Methods Mol Biol. 
2010;594:43–55.

 28. Golwala NH, Hodenette C, Murthy SN, Nossaman BD, Kadowitz PJ. Vascular responses to 
nitrite are mediated by xanthine oxidoreductase and mitochondrial aldehyde dehydrogenase 
in the rat. Can J Physiol Pharmacol. 2009;87(12):1095–101.

 29. Weitzberg E, Lundberg JO. Nonenzymatic nitric oxide production in humans. Nitric Oxide. 
1998;2(1):1–7.

 30. Zweier JL, Wang P, Samouilov A, Kuppusamy P. Enzyme-independent formation of nitric 
oxide in biological tissues. Nat Med. 1995;1(8):804–9.

 31. Tiravanti E, Samouilov A, Zweier JL. Nitrosyl-heme complexes are formed in the ischemic 
heart: evidence of nitrite-derived nitric oxide formation, storage, and signaling in post-ischemic 
tissues. J Biol Chem. 2004;279(12):11065–73.

 32. Bryan NS, Fernandez BO, Bauer SM, Garcia-Saura MF, Milsom AB, Rassaf T. Nitrite is a 
signaling molecule and regulator of gene expression in mammalian tissues. Nat Chem Biol. 
2005;1(5):290–7.

 33. Lundberg JO, Weitzberg E. NO-synthase independent NO generation in mammals. Biochem 
Biophys Res Commun. 2010;396(1):39–45.

 34. Pinder AG, Pittaway E, Morris K, James PE. Nitrite directly vasodilates hypoxic vasculature via 
nitric oxide-dependent and -independent pathways. Br J Pharmacol. 2009;157(8):1523–30.

 35. Dalsgaard T, Simonsen U, Fago A. Nitrite-dependent vasodilation is facilitated by hypoxia 
and is independent of known NO-generating nitrite reductase activities. Am J Physiol Heart 
Circ Physiol. 2007;292(6):H3072–8.

 36. Gladwin MT, Raat NJ, Shiva S, Dezfulian C, Hogg N, Kim-Shapiro DB. Nitrite as a vascular 
endocrine nitric oxide reservoir that contributes to hypoxic signaling, cytoprotection, and 
vasodilation. Am J Physiol Heart Circ Physiol. 2006;291(5):H2026–35.

 37. McQuillan LP, Leung GK, Marsden PA, Kostyk SK, Kourembanas S. Hypoxia inhibits 
expression of eNOS via transcriptional and posttranscriptional mechanisms. Am J Physiol. 
1994;267(5 Pt 2):H1921–7.

 38. Fish JE, Yan MS, Matouk CC, St Bernard R, Ho JJ, Gavryushova A, et al. Hypoxic repression of 
endothelial nitric-oxide synthase transcription is coupled with eviction of promoter histones. J 
Biol Chem. 2010;285(2):810–26.

 39. Tai SC, Robb GB, Marsden PA. Endothelial nitric oxide synthase: a new paradigm for gene 
regulation in the injured blood vessel. Arterioscler Thromb Vasc Biol. 2004;24(3):405–12.

 40. Webb AJ, Milsom AB, Rathod KS, Chu WL, Qureshi S, Lovell MJ. Mechanisms underly-
ing erythrocyte and endothelial nitrite reduction to nitric oxide in hypoxia: role for xanthine 
oxidoreductase and endothelial nitric oxide synthase. Circ Res. 2008;103(9): 
957–64.



24114 Nitrite and Nitrate in Ischemia-Reperfusion Injury

 41. Braunwald E, Kloner RA. Myocardial reperfusion: a double-edged sword? J Clin Invest. 
1985;76(5):1713–9.

 42. Lefer AM, Lefer DJ. The role of nitric oxide and cell adhesion molecules on the microcircu-
lation in ischaemia-reperfusion. Cardiovasc Res. 1996;32(4):743–51.

 43. Sims NR, Muyderman H. Mitochondria, oxidative metabolism and cell death in stroke. 
Biochim Biophys Acta. 2010;1802(1):80–91.

 44. Chen Q, Camara AK, Stowe DF, Hoppel CL, Lesnefsky EJ. Modulation of electron transport 
protects cardiac mitochondria and decreases myocardial injury during ischemia and reperfu-
sion. Am J Physiol Cell Physiol. 2007;292(1):C137–47.

 45. Sack MN. Mitochondrial depolarization and the role of uncoupling proteins in ischemia 
tolerance. Cardiovasc Res. 2006;72(2):210–9.

 46. Kim JS, He L, Qian T, Lemasters JJ. Role of the mitochondrial permeability transition in 
apoptotic and necrotic death after ischemia/reperfusion injury to hepatocytes. Curr Mol Med. 
2003;3(6):527–35.

 47. Murphy E, Steenbergen C. Mechanisms underlying acute protection from cardiac ischemia-
reperfusion injury. Physiol Rev. 2008;88(2):581–609.

 48. Garcia-Rivas GJ, Torre-Amione G. Abnormal mitochondrial function during ischemia reperfusion 
provides targets for pharmacological therapy. Methodist Debakey Cardiovasc J. 2009;5(3):2–7.

 49. Brown GC, Cooper CE. Nanomolar concentrations of nitric oxide reversibly inhibit synap-
tosomal respiration by competing with oxygen at cytochrome oxidase. FEBS Lett. 1994; 
356(2–3):295–8.

 50. Cleeter MW, Cooper JM, Darley-Usmar VM, Moncada S, Schapira AH. Reversible inhibi-
tion of cytochrome c oxidase, the terminal enzyme of the mitochondrial respiratory chain, by 
nitric oxide. Implications for neurodegenerative diseases. FEBS Lett. 1994;345(1):50–4.

 51. Brookes P, Darley-Usmar VM. Hypothesis: the mitochondrial NO(*) signaling pathway, and 
the transduction of nitrosative to oxidative cell signals: an alternative function for cyto-
chrome C oxidase. Free Radic Biol Med. 2002;32(4):370–4.

 52. Raat NJ, Shiva S, Gladwin MT. Effects of nitrite on modulating ROS generation following 
ischemia and reperfusion. Adv Drug Deliv Rev. 2009;61(4):339–50.

 53. Brookes PS, Salinas EP, Darley-Usmar K, Eiserich JP, Freeman BA, Darley-Usmar VM. 
Concentration-dependent effects of nitric oxide on mitochondrial permeability transition and 
cytochrome c release. J Biol Chem. 2000;275(27):20474–9.

 54. Kim YM, Kim TH, Seol DW, Talanian RV, Billiar TR. Nitric oxide suppression of apoptosis 
occurs in association with an inhibition of Bcl-2 cleavage and cytochrome c release. J Biol 
Chem. 1998;273(47):31437–41.

 55. Shiva S, Sack MN, Greer JJ, Duranski M, Ringwood LA, Burwell L. Nitrite augments toler-
ance to ischemia/reperfusion injury via the modulation of mitochondrial electron transfer.  
J Exp Med. 2007;204(9):2089–102.

 56. Gladwin MT. Nitrite as an intrinsic signaling molecule. Nat Chem Biol. 2005;1(5):245–6.
 57. Gladwin MT, Shelhamer JH, Schechter AN, Pease-Fye ME, Waclawiw MA, Panza JA. Role 

of circulating nitrite and S-nitrosohemoglobin in the regulation of regional blood flow in 
humans. Proc Natl Acad Sci U S A. 2000;97(21):11482–7.

 58. Garcia SC, Pomblum V, Gams E, Langenbach MR, Schipke JD. Independency of myocardial 
stunning of endothelial stunning? Basic Res Cardiol. 2007;102(4):359–67.

 59. Qi XL, Nguyen TL, Andries L, Sys SU, Rouleau JL. Vascular endothelial dysfunction con-
tributes to myocardial depression in ischemia-reperfusion in the rat. Can J Physiol Pharmacol. 
1998;76(1):35–45.

 60. Granger DN, Rodrigues SF, Yildirim A, Senchenkova EY. Microvascular responses to car-
diovascular risk factors. Microcirculation. 2010;17(3):192–205.

 61. Carden DL, Granger DN. Pathophysiology of ischaemia-reperfusion injury. J Pathol. 
2000;190(3):255–66.

 62. Seal JB, Gewertz BL. Vascular dysfunction in ischemia-reperfusion injury. Ann Vasc Surg. 
2005;19(4):572–84.



242 M. Lavu et al.

 63. Kleinbongard P, Dejam A, Lauer T, Jax T, Kerber S, Gharini P. Plasma nitrite concentrations 
reflect the degree of endothelial dysfunction in humans. Free Radic Biol Med. 
2006;40(2):295–302.

 64. Rassaf T, Heiss C, Hendgen-Cotta U, Balzer J, Matern S, Kleinbongard P. Plasma nitrite 
reserve and endothelial function in the human forearm circulation. Free Radic Biol Med. 
2006;41(2):295–301.

 65. Rassaf T, Heiss C, Mangold S, Leyendecker T, Kehmeier ES, Kelm M. Vascular formation 
of nitrite after exercise is abolished in patients with cardiovascular risk factors and coronary 
artery disease. J Am Coll Cardiol. 2010;55(14):1502–3.

 66. Lauer T, Heiss C, Balzer J, Kehmeier E, Mangold S, Leyendecker T. Age-dependent endothelial 
dysfunction is associated with failure to increase plasma nitrite in response to exercise. Basic 
Res Cardiol. 2008;103(3):291–7.

 67. Stokes KY, Dugas TR, Tang Y, Garg H, Guidry E, Bryan NS. Dietary nitrite prevents  
hypercholesterolemic microvascular inflammation and reverses endothelial dysfunction. Am 
J Physiol Heart Circ Physiol. 2009;296(5):H1281–8.

 68. Duranski MR, Greer JJ, Dejam A, Jaganmohan S, Hogg N, Langston W. Cytoprotective 
effects of nitrite during in vivo ischemia-reperfusion of the heart and liver. J Clin Invest. 
2005;115(5):1232–40.

 69. Perlman DH, Bauer SM, Ashrafian H, Bryan NS, Garcia-Saura MF, Lim CC, et al. Mechanistic 
insights into nitrite-induced cardioprotection using an integrated metabolomic/proteomic 
approach. Circ Res. 2009;104(6):796–804.

 70. Hendgen-Cotta UB, Merx MW, Shiva S, Schmitz J, Becher S, Klare JP. Nitrite reductase 
activity of myoglobin regulates respiration and cellular viability in myocardial ischemia-
reperfusion injury. Proc Natl Acad Sci U S A. 2008;105(29):10256–61.

 71. Gonzalez FM, Shiva S, Vincent PS, Ringwood LA, Hsu LY, Hon YY. Nitrite anion provides 
potent cytoprotective and antiapoptotic effects as adjunctive therapy to reperfusion for acute 
myocardial infarction. Circulation. 2008;117(23):2986–94.

 72. Bryan NS, Calvert JW, Elrod JW, Gundewar S, Ji SY, Lefer DJ. Dietary nitrite supplementa-
tion protects against myocardial ischemia-reperfusion injury. Proc Natl Acad Sci U S A. 
2007;104(48):19144–9.

 73. Baker JE, Su J, Fu X, Hsu A, Gross GJ, Tweddell JS. Nitrite confers protection against 
myocardial infarction: role of xanthine oxidoreductase, NADPH oxidase and K(ATP) chan-
nels. J Mol Cell Cardiol. 2007;43(4):437–44.

 74. Webb A, Bond R, McLean P, Uppal R, Benjamin N, Ahluwalia A. Reduction of nitrite to 
nitric oxide during ischemia protects against myocardial ischemia-reperfusion damage. Proc 
Natl Acad Sci U S A. 2004;101(37):13683–8.

 75. Binks A, Nolan JP. Post-cardiac arrest syndrome. Minerva Anestesiol. 2010;76(5):362–8.
 76. Dezfulian C, Shiva S, Alekseyenko A, Pendyal A, Beiser DG, Munasinghe JP. Nitrite therapy 

after cardiac arrest reduces reactive oxygen species generation, improves cardiac and neurologi-
cal function, and enhances survival via reversible inhibition of mitochondrial complex I. 
Circulation. 2009;120(10):897–905.

 77. Pluta RM, Rak R, Wink DA, Woodward JJ, Khaldi A, Oldfield EH. Effects of nitric oxide 
on reactive oxygen species production and infarction size after brain reperfusion injury. 
Neurosurgery. 2001;48(4):884–92. discussion 883–92.

 78. Jung KH, Chu K, Ko SY, Lee ST, Sinn DI, Park DK. Early intravenous infusion of sodium 
nitrite protects brain against in vivo ischemia-reperfusion injury. Stroke. 
2006;37(11):2744–50.

 79. Jung KH, Chu K, Lee ST, Park HK, Kim JH, Kang KM. Augmentation of nitrite therapy in 
cerebral ischemia by NMDA receptor inhibition. Biochem Biophys Res Commun. 
2009;378(3):507–12.

 80. Schatlo B, Henning EC, Pluta RM, Latour LL, Golpayegani N, Merrill MJ. Nitrite does not 
provide additional protection to thrombolysis in a rat model of stroke with delayed reperfu-
sion. J Cereb Blood Flow Metab. 2008;28(3):482–9.

 81. Pluta RM. Dysfunction of nitric oxide synthases as a cause and therapeutic target in delayed 
cerebral vasospasm after SAH. Acta Neurochir Suppl. 2008;104:139–47.



24314 Nitrite and Nitrate in Ischemia-Reperfusion Injury

 82. Pluta RM, Dejam A, Grimes G, Gladwin MT, Oldfield EH. Nitrite infusions to prevent 
delayed cerebral vasospasm in a primate model of subarachnoid hemorrhage. JAMA. 2005; 
293(12):1477–84.

 83. Safety and Pharmacokinetic Evaluation of Nitrite for Prevention of Cerebral Vasospasm. 
[Clinical Trial].ClinicalTrials.gov Identifier: NCT00873015.

 84. Varon J. Diagnosis and management of labile blood pressure during acute cerebrovascular 
accidents and other hypertensive crises. Am J Emerg Med. 2007;25(8):949–59.

 85. Rifkind JM, Nagababu E, Barbiro-Michaely E, Ramasamy S, Pluta RM, Mayevsky A. Nitrite 
infusion increases cerebral blood flow and decreases mean arterial blood pressure in rats: a 
role for red cell NO. Nitric Oxide. 2007;16(4):448–56.

 86. Teoh NC, Farrell GC. Hepatic ischemia reperfusion injury: pathogenic mechanisms and 
basis for hepatoprotection. J Gastroenterol Hepatol. 2003;18(8):891–902.

 87. Abe Y, Hines IN, Zibari G, Pavlick K, Gray L, Kitagawa Y. Mouse model of liver ischemia 
and reperfusion injury: method for studying reactive oxygen and nitrogen metabolites 
in vivo. Free Radic Biol Med. 2009;46(1):1–7.

 88. Abe Y, Hines I, Zibari G, Grisham MB. Hepatocellular protection by nitric oxide or nitrite 
in ischemia and reperfusion injury. Arch Biochem Biophys. 2009;484(2):232–7.

 89. Kim JS, Ohshima S, Pediaditakis P, Lemasters JJ. Nitric oxide protects rat hepatocytes 
against reperfusion injury mediated by the mitochondrial permeability transition. Hepatology. 
2004;39(6):1533–43.

 90. Lu P, Liu F, Yao Z, Wang CY, Chen DD, Tian Y. Nitrite-derived nitric oxide by xanthine 
oxidoreductase protects the liver against ischemia-reperfusion injury. Hepatobiliary Pancreat 
Dis Int. 2005;4(3):350–5.

 91. Allen BW, Stamler JS, Piantadosi CA. Hemoglobin, nitric oxide and molecular mechanisms 
of hypoxic vasodilation. Trends Mol Med. 2009;15(10):452–60.

 92. Raat NJ, Noguchi AC, Liu VB, Raghavachari N, Liu D, Xu X. Dietary nitrate and nitrite 
modulate blood and organ nitrite and the cellular ischemic stress response. Free Radic Biol 
Med. 2009;47(5):510–7.

 93. Garcia-Criado FJ, Rodriguez-Barca P, Garcia-Cenador MB, Rivas-Elena JV, Grande MT, 
Lopez-Marcos JF, et al. Protective effect of new nitrosothiols on the early inflammatory 
response to kidney ischemia/reperfusion and transplantation in rats. J Interferon Cytokine 
Res. 2009;29(8):441–50.

 94. Garcia-Criado FJ, Eleno N, Santos-Benito F, Valdunciel JJ, Reverte M, Lozano-Sanchez FS. 
Protective effect of exogenous nitric oxide on the renal function and inflammatory response 
in a model of ischemia-reperfusion. Transplantation. 1998;66(8):982–90.

 95. Jeong GY, Chung KY, Lee WJ, Kim YS, Sung SH. The effect of a nitric oxide donor on 
endogenous endothelin-1 expression in renal ischemia/reperfusion injury. Transplant Proc. 
2004;36(7):1943–5.

 96. Martinez-Mier G, Toledo-Pereyra LH, Bussell S, Gauvin J, Vercruysse G, Arab A. Nitric 
oxide diminishes apoptosis and p53 gene expression after renal ischemia and reperfusion 
injury. Transplantation. 2000;70(10):1431–7.

 97. Kucuk HF, Kaptanoglu L, Ozalp F, Kurt N, Bingul S, Torlak OA. Role of glyceryl trinitrate, 
a nitric oxide donor, in the renal ischemia-reperfusion injury of rats. Eur Surg Res. 
2006;38(5):431–7.

 98. Okamoto M, Tsuchiya K, Kanematsu Y, Izawa Y, Yoshizumi M, Kagawa S. Nitrite-derived 
nitric oxide formation following ischemia-reperfusion injury in kidney. Am J Physiol Renal 
Physiol. 2005;288(1):F182–7.

 99. Milsom AB, Patel NS, Mazzon E, Tripatara P, Storey A. Mota-Filipe H. Role for endothelial nitric 
oxide synthase in nitrite-induced protection against renal ischemia-reperfusion injury in mice. 
Nitric Oxide. 2010;22(2):141–8.

 100. Tripatara P, Patel NS, Webb A, Rathod K, Lecomte FM, Mazzon E. Nitrite-derived nitric 
oxide protects the rat kidney against ischemia/reperfusion injury in vivo: role for xanthine 
oxidoreductase. J Am Soc Nephrol. 2007;18(2):570–80.

 101. Basireddy M, Isbell TS, Teng X, Patel RP, Agarwal A. Effects of sodium nitrite on ischemia-
reperfusion injury in the rat kidney. Am J Physiol Renal Physiol. 2006;290(4):F779–86.



244 M. Lavu et al.

 102. Nakajima A, Ueda K, Takaoka M, Kurata H, Takayama J, Ohkita M. Effects of pre- and 
post-ischemic treatments with FK409, a nitric oxide donor, on ischemia/reperfusion-induced 
renal injury and endothelin-1 production in rats. Biol Pharm Bull. 2006;29(3):577–9.

 103. Tsuchiya K, Tomita S, Ishizawa K, Abe S, Ikeda Y, Kihira Y. Dietary nitrite ameliorates renal 
injury in L-NAME-induced hypertensive rats. Nitric Oxide. 2010;22(2):98–103.

 104. Hord NG, Tang Y, Bryan NS. Food sources of nitrates and nitrites: the physiologic context 
for potential health benefits. Am J Clin Nutr. 2009;90(1):1–10.

 105. Milkowski A, Garg HK, Coughlin JR, Bryan NS. Nutritional epidemiology in the context of 
nitric oxide biology: a risk-benefit evaluation for dietary nitrite and nitrate. Nitric Oxide. 
2010;22(2):110–9.

 106. Hunter CJ, Dejam A, Blood AB, Shields H, Kim-Shapiro DB, Machado RF. Inhaled nebu-
lized nitrite is a hypoxia-sensitive NO-dependent selective pulmonary vasodilator. Nat Med. 
2004;10(10):1122–7.

 107. Wu X, Du L, Xu X, Tan L, Li R. Increased nitrosoglutathione reductase activity in hypoxic 
pulmonary hypertension in mice. J Pharmacol Sci. 2010;113(1):32–40.

 108. Egemazarov B, Schermuly RT, Dahal BK, Elliott GT, Hoglen NC, Surber MW. Nebulization 
of the acidified sodium nitrite formulation attenuates acute hypoxic pulmonary vasoconstric-
tion. Respir Res. 2010;11(1):81.

 109. Zuckerbraun BS, Shiva S, Ifedigbo E, Mathier MA, Mollen KP, Rao J. Nitrite potently inhib-
its hypoxic and inflammatory pulmonary arterial hypertension and smooth muscle prolifera-
tion via xanthine oxidoreductase-dependent nitric oxide generation. Circulation. 
2010;121(1):98–109.

 110. Ingram TE, Pinder AG, Bailey DM, Fraser AG, James PE. Low-dose sodium nitrite vasodilates 
hypoxic human pulmonary vasculature by a means that is not dependent on a simultaneous 
elevation in plasma nitrite. Am J Physiol Heart Circ Physiol. 2010;298(2):H331–9.

 111. Casey DB, Badejo AM, Jr. Dhaliwal JS, Murthy SN, Hyman AL, Nossaman BD. Pulmonary 
vasodilator responses to sodium nitrite are mediated by an allopurinol-sensitive mechanism 
in the rat. Am J Physiol Heart Circ Physiol. 2009;296(2):H524–33.

 112. Hsu LL, Champion HC, Campbell-Lee SA, Bivalacqua TJ, Manci EA, Diwan BA. Hemolysis 
in sickle cell mice causes pulmonary hypertension due to global impairment in nitric oxide 
bioavailability. Blood. 2007;109(7):3088–98.

 113. Minneci PC, Deans KJ, Shiva S, Zhi H, Banks SM, Kern S. Nitrite reductase activity of 
hemoglobin as a systemic nitric oxide generator mechanism to detoxify plasma hemoglobin 
produced during hemolysis. Am J Physiol Heart Circ Physiol. 2008;295(2):H743–54.

 114. Dias-Junior CA, Gladwin MT, Tanus-Santos JE. Low-dose intravenous nitrite improves 
hemodynamics in a canine model of acute pulmonary thromboembolism. Free Radic Biol 
Med. 2006;41(12):1764–70.

 115. Berger MM, Dehnert C, Bailey DM, Luks AM, Menold E, Castell C. Transpulmonary plasma 
ET-1 and nitrite differences in high altitude pulmonary hypertension. High Alt Med Biol 
Spring. 2009;10(1):17–24.

 116. Casey DP, Beck DT, Braith RW. Systemic plasma levels of nitrite/nitrate (NOx) reflect bra-
chial flow-mediated dilation responses in young men and women. Clin Exp Pharmacol 
Physiol. 2007;34(12):1291–3.

 117. Casey DP, Nichols WW, Conti CR, Braith RW. Relationship between endogenous concentra-
tions of vasoactive substances and measures of peripheral vasodilator function in patients 
with coronary artery disease. Clin Exp Pharmacol Physiol. 2010;37(1):24–8.

 118. Allen JD, Miller EM, Schwark E, Robbins JL, Duscha BD, Annex BH. Plasma nitrite 
response and arterial reactivity differentiate vascular health and performance. Nitric Oxide. 
2009;20(4):231–7.

 119. Maher AR, Milsom AB, Gunaruwan P, Abozguia K, Ahmed I, Weaver RA. Hypoxic modu-
lation of exogenous nitrite-induced vasodilation in humans. Circulation. 2008;117(5): 
670–7.



24514 Nitrite and Nitrate in Ischemia-Reperfusion Injury

 120. Gladwin MT. Evidence mounts that nitrite contributes to hypoxic vasodilation in the human 
circulation. Circulation. 2008;117(5):594–7.

 121. Mendoza MG, Robles HV, Romo E, Rios A, Escalante B. Nitric oxide-dependent neovascu-
larization role in the lower extremity disease. Curr Pharm Des. 2007;13(35):3591–6.

 122. Kumar D, Branch BG, Pattillo CB, Hood J, Thoma S, Simpson S. Chronic sodium nitrite 
therapy augments ischemia-induced angiogenesis and arteriogenesis. Proc Natl Acad Sci U 
S A. 2008;105(21):7540–5.

 123. Wood KC, Granger DN. Sickle cell disease: role of reactive oxygen and nitrogen metabo-
lites. Clin Exp Pharmacol Physiol. 2007;34(9):926–32.

 124. Wood KC, Hsu LL, Gladwin MT. Sickle cell disease vasculopathy: a state of nitric oxide 
resistance. Free Radic Biol Med. 2008;44(8):1506–28.

 125. Lopez BL, Barnett J, Ballas SK, Christopher TA, Davis-Moon L, Ma X. Nitric oxide metabo-
lite levels in acute vaso-occlusive sickle-cell crisis. Acad Emerg Med. 1996;3(12): 
1098–103.

 126. Mack AK, McGowan Ii VR, Tremonti CK, Ackah D, Barnett C, Machado RF. Sodium nitrite 
promotes regional blood flow in patients with sickle cell disease: a phase I/II study. Br J 
Haematol. 2008;142(6):971–8.

 127. Safety and Efficacy of Sodium Nitrite in Sickle Cell Disease. [Clinical Trial].ClinicalTrials.gov 
Identifier NCT01033227.

 128. Evaluation of the Mechanism of NO Formation and Pharmacokinetics of Systemic Nitrite 
Infusion. [Clinical Trial].ClinicalTrials.gov Identifier: NCT00102271.

 129. Evaluation of Systemic Nitrite Infusion and Its Effect on Exercise Physiology and 
Metabolism. [Clinical Trials].ClinicalTrials.gov Identifier: NCT00105222.

 130. Evaluation of the Mechanism of NO Formation and Pharmacokinetics of Long-Term 
Intravenous Nitrite Infusion in Healthy Volunteers. [Clinical Trial].ClinicalTrials.gov 
Identifier: NCT00103025.

 131. Determination of Nitrite as a Source of Bioactive Nitric Oxide in Human Subjects. [Clinical 
Trial].ClinicalTrials.gov Identifier: NCT00048477.

 132. The Role of Nitrite in Preconditioning Mediated Tolerance to Ischemic Stress. [Clinical 
Trial].ClinicalTrials.gov Identifier: NCT00250185.

 133. The Determination of Variances in Exhaled Nitric Oxide Output in Normal Healthy Male 
Volunteers Consuming High and Low Nitrate/Nitrite Diets. [Clinical Trial].ClinicalTrials.
gov Identifier: NCT00027157.

 134. A Safety and Efficacy Evaluation of Sodium Nitrite Injection for the Prevention of Ischemia-
Reperfusion Injury Associated With Acute Myocardial Infarction. [Clinical Trial].
ClinicalTrials.gov Identifier: NCT00924118.

 135. Mechanisms of Nitrite Mediated Cardioprotection in Coronary Artery Bypass Surgery. 
[Clinical Trial].ClinicalTrials.gov Identifier: NCT01098409.

 136. Dietary Nitrate/Nitrite as Sources of Bioactive Nitric Oxide in Patients With Coronary 
Artery Disease. [Clinical Trial].ClinicalTrials.gov Identifier: NCT00069654.

 137. Louisiana pharma startup TheraVasc moves, readies for clinical trials. Medcity News. 2009. 
http://www.medcitynews.com/2009/2006/louisiana-pharma-startup-theravasc-moves-readies-
for-clinical-trials/. Accessed on Aug 1, 2010.

 138. Caimi G, Montana M, Calandrino V, Caruso M, Carollo C, Catania A. Nitric oxide metabo-
lites (nitrite and nitrate) in young patients with recent acute myocardial infarction. Clin 
Hemorheol Microcirc. 2008;40(2):157–63.

 139. Alusik S, Jedlickova V, Paluch Z, Zecova S. Plasma levels of nitrite/nitrate and inflammation 
markers in elderly individuals. Bratisl Lek Listy. 2008;109(7):289–92.

 140. Choi JW. Enhanced nitric oxide production is closely associated with serum lipid concentra-
tions in adolescents. Clin Chim Acta. 2004;347(1–2):151–6.

 141. Sozmen B, Kazaz C, Taskiran D, Alan L, Akyol A, Sozmen E. Plasma antioxidant status and 
nitrate levels in patients with hypertension and coronary heart disease. Turk J Med Sci. 
1998;28(5):525–31.



246 M. Lavu et al.

 142. Nitrite as a Marker of Cardiovascular Risk; Development of Novel Biomarkers in Patients 
With Coronary Artery Disease. [Clinical Trial].ClinicalTrials.gov Identifier: NCT00109018.

 143. Lundberg JO, Feelisch M, Bjorne H, Jansson EA, Weitzberg E. Cardioprotective effects of 
vegetables: is nitrate the answer? Nitric Oxide. 2006;15(4):359–62.

 144. van Velzen AG, Sips AJ, Schothorst RC, Lambers AC, Meulenbelt J. The oral bioavailability 
of nitrate from nitrate-rich vegetables in humans. Toxicol Lett. 2008;181(3):177–81.

 145. Hunault CC, van Velzen AG, Sips AJ, Schothorst RC, Meulenbelt J. Bioavailability of sodium 
nitrite from an aqueous solution in healthy adults. Toxicol Lett. 2009;190(1):48–53.

 146. Dauchet L, Amouyel P, Hercberg S, Dallongeville J. Fruit and vegetable consumption 
and risk of coronary heart disease: a meta-analysis of cohort studies. J Nutr. 
2006;136(10):2588–93.

 147. Joshipura KJ, Ascherio A, Manson JE, Stampfer MJ, Rimm EB, Speizer FE. Fruit and vegetable 
intake in relation to risk of ischemic stroke. JAMA. 1999;282(13):1233–9.

 148. Bazzano LA, Li TY, Joshipura KJ, Hu FB. Intake of fruit, vegetables, and fruit juices and 
risk of diabetes in women. Diabetes Care. 2008;31(7):1311–7.

 149. Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, Svetkey LP, Sacks FM. A clinical trial of the 
effects of dietary patterns on blood pressure. DASH Collaborative Research Group. N Engl J 
Med. 1997;336(16):1117–24.

 150. Sacks FM, Svetkey LP, Vollmer WM, Appel LJ, Bray GA, Harsha D. Effects on blood pres-
sure of reduced dietary sodium and the Dietary Approaches to Stop Hypertension (DASH) 
diet. DASH-Sodium Collaborative Research Group. N Engl J Med. 2001;344(1):3–10.

 151. Kapil V, Milsom AB, Okorie M, Maleki-Toyserkani S, Akram F, Rehman F. Inorganic nitrate 
supplementation lowers blood pressure in humans. Role for nitrite-derived NO. Hypertension. 
2010;56:274–81.

 152. Sobko T, Marcus C, Govoni M, Kamiya S. Dietary nitrate in Japanese traditional foods lowers 
diastolic blood pressure in healthy volunteers. Nitric Oxide. 2010;22(2):136–40.

 153. Webb AJ, Patel N, Loukogeorgakis S, Okorie M, Aboud Z, Misra S. Acute blood pressure 
lowering, vasoprotective, and antiplatelet properties of dietary nitrate via bioconversion to 
nitrite. Hypertension. 2008;51(3):784–90.

 154. Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Dietary nitrate reduces maximal oxygen 
consumption while maintaining work performance in maximal exercise. Free Radic Biol 
Med. 2010;48(2):342–7.

 155. Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Effects of dietary nitrate on oxygen cost 
during exercise. Acta Physiol (Oxf). 2007;191(1):59–66.

 156. Bailey SJ, Winyard P, Vanhatalo A, Blackwell JR, Dimenna FJ, Wilkerson DP. Dietary 
nitrate supplementation reduces the O2 cost of low-intensity exercise and enhances tolerance 
to high-intensity exercise in humans. J Appl Physiol. 2009;107(4):1144–55.

 157. Bailey SJ, Fulford J, Vanhatalo A, Winyard PG, Blackwell JR, Dimenna FJ. Dietary nitrate 
supplementation enhances muscle contractile efficiency during knee-extensor exercise in 
humans. J Appl Physiol. 2010;109(1):135–48.

 158. Katan MB. Nitrate in foods: harmful or healthy? Am J Clin Nutr. 2009;90(1):11–2.
 159. Gori T, Parker JD. Nitrate-induced toxicity and preconditioning: a rationale for reconsidering 

the use of these drugs. J Am Coll Cardiol. 2008;52(4):251–4.
 160. Dejam A, Hunter CJ, Tremonti C, Pluta RM, Hon YY, Grimes G. Nitrite infusion in humans 

and nonhuman primates: endocrine effects, pharmacokinetics, and tolerance formation. 
Circulation. 2007;116(16):1821–31.

 161. Ralt D. Does NO metabolism play a role in the effects of vegetables in health? Nitric oxide 
formation via the reduction of nitrites and nitrates. Med Hypotheses. 2009;73(5):794–6.



247N.S. Bryan and J. Loscalzo (eds.), Nitrite and Nitrate in Human Health and Disease, 
Nutrition and Health, DOI 10.1007/978-1-60761-616-0_15, 
© Springer Science+Business Media, LLC 2011

Key points

The inorganic anions nitrate and nitrite are important intermediates in the •	
nitrogen cycle.
The nitrate–nitrite–nitric oxide pathway has been shown to exist in many alter-•	
native herbal medicines or dietary supplements.
Many herbal medicines contain high levels of nitrate and to a less extent •	
nitrite.
There is an effective system in certain herbal medicines for reducing nitrite to •	
nitric oxide.
Many herbal medicines for heart disease regulate the activities of NO synthase •	
and nitrate/nitrite reductases, and thus maintain the “Yin-Yang” balance of NO 
production.
The ability of herbal medicines to reduce nitrate and nitrite to NO effectively •	
may account for some of their beneficial impacts on cardiovascular 
disorders.
Understanding the mechanism of action for herbal medicines will allow for •	
better combinations of herbs for natural disease combat as a key player of alter-
native Western medicine.

Keywords Herbal	medicine	•	Naturopathy	•	Complementary	and	alternative	medi-
cine	•	Natural	products

Y.-J. Geng (*) 
Cardiovascular Medicine, The University of Texas School of Medicine at Houston,  
Houston, TX, USA 
e-mail: Yong-Jian.Geng@uth.tmc.edu

Chapter 15
The Nitrate–Nitrite–Nitric Oxide Pathway in 
Traditional Herbal Medicine for Heart Disease

Yong-Jian Geng 



248 Y.-J. Geng

Introduction

Traditional medicine has been used in some countries or communities for hundreds 
or thousands of years. Herbs are important part of traditional medicine which has 
been standing as a major health care system in China and many other countries in 
Asia and Africa. In some Asian and African countries, 80% of the population 
depends on traditional medicine for primary health care. Herbal medicine (HM) is 
considered a complementary or alternative medical system in much of the Western 
world, mostly due to a lack of understanding of their mechanism of action and/or 
the active compound(s). However, the use of traditional or alternative medicine is 
increasing in Western nations, especially in the communities of people with Asian 
origin. Patients who use alternative or HM in Western countries report that the main 
reason for using it is due to a “more natural” and potentially safer alternative for the 
treatment of chronic illness than pharmaceutical drugs or surgery [1]. In many 
developed countries, including the U.S., as much as 70–80% of the population has 
used some form of alternative or complementary medicine (e.g., acupuncture or 
herbal supplements). Herbal treatments are the most popular form of traditional 
medicine, and are highly lucrative in the international marketplace. Annual reve-
nues in Western Europe reached $5 billion in 2003–2004. In China, sales of 
products totaled $14 billion in 2005. HM revenue in Brazil was $160 million in 
2007, according to WHO Fact Sheet No. 134, 2008.

Traditional HM has its origin in ancient Taoist philosophy, which views a person 
as an energy system in which the body, mind, and spirit are unified into one when 
in harmony and disrupted in disease. Traditional medicine practice treats the patient 
as a whole, not as a part, and it emphasizes a holistic approach that attempts to 
bring the mind, body, and spirit into harmony. Traditional medicine theory is 
extremely complex and originated thousands of years ago through meticulous 
observation of nature, the cosmos, and the human body. There is a growing and 
sustained interest in alternative medicines fueled by a combination of factors 
including recognition of benefits, dissatisfaction with and ineffectiveness of tradi-
tional Western medicines, an increasing commitment to holistic care, skepticism 
regarding adverse side-effects of drug therapy, and increasing evidence for the 
personalized nature of different combinations of herbs for specific disorders [1]. 
Of the approximately 500 herbs that are in use today, 50 or so are commonly used 
alone or in combination. Rather than being prescribed individually, single herbs are 
combined into formulas that are designed to adapt to the specific needs of indi-
vidual patients. An herbal formula can contain from 3 to 25 herbs. As with diet 
therapy, each herb has one or more of the four flavors/functions and one of five 
“temperatures” “  ” (pronounced “chi”) (hot, warm, neutral, cool, cold). Herbal formu-
lations work to balance the body from the inside out. Traditional HMs include 
herbs, herbal materials, herbal preparations, and processed herbal products that 
contain parts of plants or other plant materials as active ingredients which assist 
with strengthening the vital energies (chi), blood, and fluids internally. They are 
typically administered as tablets, tea pills, elixirs, soups, liquid extracts, and teas.
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With traditional medicine practices being adopted by new populations in the 
United States and Europe as well as many other countries around the world, 
challenges have been emerging recently. To date, most countries have established 
national policies for traditional medicine. Regulating traditional medicine products, 
practices, and practitioners is difficult due to variations in definitions and catego-
rizations of traditional medicine therapies. A single herbal product could be defined 
as either a food, dietary supplement or an HM, depending on the country. This 
disparity in regulations at the national levels has implications for international 
access and distribution of products. Scientific evidence from tests done to evaluate 
the safety and effectiveness of traditional medicine products and practices is lim-
ited. Despite the fact that alternative treatments, such as acupuncture, some HMs, 
and some manual therapies (e.g., massage), have been shown to be effective for 
specific conditions, no proven underlying mechanism is available. A further study 
of the products and practices is needed. Many people, including most professionals 
in the field of biomedicine, believe that because HMs are natural and have been 
used traditionally they are safe and carry no risk for harm. However, traditional 
medicines and practices can cause harmful, adverse reactions if the product or 
therapy is of poor quality, or is taken inappropriately, or in conjunction with other 
medicines. Increased patient awareness about safe usage is important, as well as 
more training, collaboration, and communication among providers of traditional 
and other medicines. Requirements and methods for research and evaluation are 
complex. It is often difficult to assess the quality of processed herbal products. 
The safety, effectiveness, and quality of finished HM products depend on the quality 
of their source materials (which can include hundreds of natural constituents), and 
how elements are handled through production processes.

There are a number of published reports on the association of traditional medicines 
and nitric oxide (NO)-related effects [2, 3]. Inorganic nitrite and nitrate have 
been reported widely as alternative sources of NO production independent of the 
enzymatic synthesis of NO from l-arginine [4–6]; however, their mechanism of 
action is far from clear due to the complexity and heterogeneity of the herbal therapies 
as well as a lack of knowledge of content and ratio or identification of the active 
compound or compounds. Recent discovery of the nitrate–nitrite–NO pathway in 
plants and animals [7, 8] offers a new avenue which defines the biological 
action as well as to assess the safety of certain HMs commonly used for the treat-
ment of cardiovascular disease. By establishing a common molecule of interest 
acting similarly in many of these concoctions, a purified and concentrated formula-
tion may be developed with even greater efficacy, which may eventually penetrate 
the pharmaceutical markets in the countries with stricter regulations, such as the 
United States and European countries. This knowledge is equally important for 
legal and regulatory reasons, as well as for patient safety related to any contraindi-
cations with their concomitant use with other medications. In this chapter, the 
production of nitrate, nitrite, and NO, and the molecular basis of their biological 
action will be discussed. Evidence will be presented to support the notion that the 
levels of nitrite and nitrate as well as the nitrite/nitrate reductase activity ingested 
as HMs provide a robust and natural system for NO generation that may offer 
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alterative pathway to overcome pathological conditions associated with NO 
insufficiency and combat cardiovascular disease.

NO Production and Consequences of NO Insufficiency

Previous chapters have established the essential role of NO in the maintenance of 
cardiovascular health as well as healthy immune or neuronal status. Appropriate 
levels of NO production are critical in tissue blood perfusion and protection of 
cardiovascular tissues against ischemia and infarction. Sustained levels of enhanced 
NO production may result in direct tissue toxicity and contribute to the vascular 
collapse associated with various pathological conditions. Being a simple molecule, 
NO is a fundamental player in many different fields of biomedicine, and it was 
proclaimed the “Molecule of the Year” in 1992 [9]. NO is one of the few gaseous 
signaling molecules known to play a role in a variety of biological processes. 
Acting as the “endothelium-derived relaxing factor,” or “EDRF” [10], NO is biosyn-
thesized endogenously from l-arginine and oxygen by various nitric oxide synthase 
(NOS) enzymes. The endothelium of blood vessels uses NO to signal the surrounding 
smooth muscle to relax, thus resulting in vasodilation and increasing blood flow. 
Because it has an extremely high reactivity (having a lifetime of a few seconds), 
NO diffuses freely across membranes over a limited distance. These attributes make 
NO ideal for a transient paracrine (between adjacent cells) and autocrine (within a 
single cell) signaling molecule. The production of NO is elevated in populations 
living at high altitudes, which helps these individuals avoid hypoxia by aiding in 
pulmonary vascular vasodilation. Nitroglycerin and amyl nitrite serve as vasodila-
tors because they release NO in the body. Sildenafil citrate, popularly known by the 
trade name Viagra, stimulates erections primarily by enhancing signaling through 
the NO pathway and, thus, dilating the arteries of the penis. NO contributes to ves-
sel homeostasis by inhibiting vascular smooth muscle contraction and growth, 
platelet aggregation, and leukocyte adhesion to the endothelium. Humans with 
atherosclerosis, diabetes, or hypertension often show impaired NO pathways. 
Alternative source of NO production from diets may help compensate for the 
reduction in NO synthesis catalyzed by NOS [11, 12]. For years, physicians and 
scientists assumed simply feeding more substrate l-arginine would be sufficient to 
enhance NO production. It is becoming increasingly clear that this may not be the 
most effective strategy, especially in patients who are insufficient in vascular NO 
release due to endothelial dysfunction.

Nitrate and Nitrite in the Nitrogen Cycle

Since HMs are mostly plant-based or extracted from plants, they contain organic 
nitrogen oxides generated through the environmental nitrogen cycle. Nitrogen 
constitutes 78% of earth’s atmosphere, and serves as a major constituent of all living 
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tissues. As an essential element for life, the nitrogen atom is incorporated into 
proteins and nuclear acids. In nature, nitrogen molecules (N

2
) exist mainly in air. 

In water and soil, nitrogen can be found predominantly in the form of nitrate 
and nitrite.

Nitrate and nitrite are naturally occurring anions. Compared to NO, they are 
chemically stable, and they can be found virtually anywhere in the environment. 
Nitrite is produced by nitrification or oxidation of ammonia, especially by the 
action of the nitrifying bacterium, Nitrosomas. The nitrites will then be oxidized to 
nitrates by the bacterium Nitrobacter. Nitrate is less toxic than nitrite and is used as 
a food source by live plants. The process of converting ammonia to nitrate is 
diagrammed in the nitrogen cycle (Fig. 15.1). Nitrification is most rapid at pH of 
7–8 and at temperatures of 25–30°C. Nitrification leads to acidification of water.

The inorganic anions, nitrate (NO
3

−) and nitrite (NO
2

−), were traditionally 
considered inert end-products of endogenous NO metabolism. However, recent 
studies show that these supposedly inert anions can be recycled in vivo to form NO, 
representing an important alternative source of NO to the classical l-arginine–NO-
synthase pathway, in particular in hypoxic states. The emerging important biological 
functions of the nitrate–nitrite–NO pathway implicate the therapeutic potential of 
many HMs traditionally used for cardiovascular diseases because herbs can provide 
significant amounts of nitrate and nitrite as well as an inherent ability to reduce 
nitrite to NO.

Fig. 15.1 Schematic representation of the nitrogen cycle. The biogeochemical cycle describes the 
transformations of nitrogen and nitrogen-containing compounds in nature
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Medicinal Herbs: An Alternative Source  
of Exogenous Nitrate and Nitrite

Many HMs for heart diseases are made from the roots and leaves of certain plants that 
contain abundant nitrate/nitrite or related compounds. In these plants, NO can be 
produced by at least four routes:

 (i)  l-arginine-dependent or independent NO-synthesizing enzymes. Several studies 
[13–16] suggest that as part of the innate defense response, certain plants may 
express high levels of enzymes that can synthesize NO using l-arginine and 
other nitro compounds.

 (ii)  Plasma membrane-bound nitrate/nitrite reductase. Many research groups have 
demonstrated that plant cells contain nitrate or nitrite reductase [17, 18]. Their 
reduction may convert them into NO under conditions of low pH or hypoxia.

 (iii)  Mitochondrial electron transport chain. Mitochondrial compartments are rich 
in metal enzymes involved actively in the regulation of energy production [19]. 
The active metabolism in mitochrondria may generate nitro compounds which, 
in turn, are converted into NO.

 (iv)  Nonenzymatic reactions. The root of certain plants may contain high levels of 
unstable nitro compounds, which may release NO spontaneously [20, 21]. 
Plants exposed to nitro-types of fertilizers typically generate more NO than 
those grown in the wild.

Similar to that in mammal tissues, plant-derived NO functions as a signaling 
molecule. It acts mainly against oxidative stress and plays a role in plant–pathogen 
interactions. Treating cut flowers and other plants with NO has been shown to 
lengthen the time before wilting. NO can bind to mitochondrial enzymes contain 
iron-II leading to attenuation of respiration [22]. An important biological reaction 
of NO is S-nitrosation [23], the conversion of thiol groups, including cysteine resi-
dues in proteins, to form S-nitrosothiols (RSNOs). S-Nitrosation is a mechanism 
for dynamic, posttranslational regulation of most or all major classes of protein in 
both plants and animals, which may also account for some of the NO activity. 
Inorganic nitrite and nitrate are emerging as key players in NO biology. They are 
important sources of NO and can be recycled in vivo under specific conditions  
[4, 5, 24]. There are a number of endogenous systems in mammals capable of 
reducing nitrite to NO [19]. Dietary nitrite has been shown to protect from tissue 
injury and restore NO homeostasis in eNOS−/− mice [25–28]. Furthermore, nitrate 
has also been shown to reduce blood pressure [29, 30], inhibit platelet aggregation 
[30], and protect the heart from ischemia-reperfusion injury [26]. There are a number 
of herbal preparations with primary indications for cardiovascular disease. There 
are increased interests in the role for the nitrate–nitrite–NO system in regulation of 
cardiovascular function by traditional HM used commonly for cardiovascular 
disorders, including coronary artery disease (CAD) and heart failure.

Recently, certain HMs or dietary supplements have been reported to generate 
significant amounts of nitrate, nitrite, and NO bioactivity, which may account for 
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some of their effects on the heart and vessels [20]. The herbs are commercially 
available in regular dietary supplement stores. Analysis of nitrite, nitrate, 
NO-modified proteins, and NO-generating capacity as well as their effects on relax-
ation of isolated aortic strips have provided convincing evidence that abundant 
nitrate and nitrate reductase activity are present in certain herbs known to have 
protective or therapeutic benefits to patients with CAD (Table 15.1), such as the 
Danshen Root (radix salviae miltiorrhizae), Sanchi (radix notoginseng), and 
Hongshen (radix ginseng). These herbs, with specific indications for cardiovascular 
disease, contain high concentrations of nitrite and nitrate, generate NO from nitrite, 
and relax blood vessels. The therapeutic benefits of HMs are via their ability to 
generate NO from nitrite providing an alternative source of NO to patients that may 
be unable to make NO from l-arginine owing to endothelial dysfunction.

In the field of NO biology, the inorganic anions nitrite and nitrate are known 
NO-donors which act as essential natural regulators of cardiovascular function  
[5, 31, 32]. Both nitrite and nitrate have been tested in animals and humans, and 
they show a good effectiveness in attenuating inflammation, reversing endothelial 
dysfunction, and reducing damage due to ischemia-reperfusion injury [26, 33, 34]. 
There is an endogenous nitrite reductase activity in animal tissues, such as the liver 
and aorta, but this inherent biological capacity is low (around 1 pmol/mg protein). 
The reductase activity in some of these HMs may exceed that detected in the animal 
tissues [20]. It is estimated that the increased reductase activity may occur by orders 
of magnitude, almost 1,000 times higher than endogenous production of NO. 

Table 15.1 The measurements of nitrite, nitrate, nitroso, nitrite reductase activity and the recom-
mended daily dose in several herbs commonly used in Chinese traditional medicine

Latin name English name Indication
Nitrite 
(ng/g)

Nitrate 
(mg/g)

Nitroso 
(nmol/g)

NO 
production 
(pmol/mg)

Radix Salviae 
Miltiorrhizae

Danshen 
root

CAD 330 12,000 120   7

Fructus 
Trichosanthis

Snakegourd 
fruit

CAD, acute MI, 
Hyperlipidemia

260 278 120  46

Bulbus Allii 
Macrostemi

Longstamen 
onion bulb

CAD, acute MI, 
Hyperlipidemia

150 530 842 134

Radix Notoginseng Sanchi CAD 210 2,069 73  13
Resina Olibani Frankincense Hypertension 980 61 3,210  72
Radix Paeonia 

Rubra
Red Peony 

root
CAD 120 37 450 255

Radix Ginseng Ginseng Heart failure, CAD 300 243 76 360
Borneolum 

Syntheticum
Borneol Increase other herb’s 

function for  
CAD or brain 
disease

120 2.99 6  45

Cinnamomum Borneol Increase other  
herb’s function 
for CAD or  
brain disease

160 2.39 0 875
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This would equate to 300 nmoles/day of NO from a single herbal preparation. 
The average production of NO in the human body (70 kg) is 1.68 mmol NO/day 
(based on an NO production rate of 1 mmol/kg/h). By supplying the exogenous 
nitrate/nitrite and reductase activities, HMs offer an alternative therapeutic strategy 
to combat or treat heart disease, a condition frequently associated with a deficiency 
in NO. Maintaining NO homeostasis requires the repletion of nitrite and nitrate 
through which the ability to generate NO can be restored to compensate for the inability 
of the endothelium to convert l-arginine to NO in coronary heart disease.

Therapeutic Potential of Herbal Medicine  
with Active Nitrate–Nitrite–NO Pathway

In traditional Chinese medicine, physicians routinely take the pulse (Fig. 15.2) and 
examine the rates, rhythms, and strength of arterial pulse. They also inspect the 
tongue to determine any changes in shape, color, and smell. Based on the patient’s 
symptoms and physical examination, physicians determine whether or not there is 
a functional abnormality of the cardiovascular system. NO-generating herbs are 

Fig. 15.2 A painting displays an ancient Chinese physician practicing traditional medicine and 
performing diagnosis and treatment of a heart disorder, such as angina or chest pain. The primary 
physical examination was to inspect the tongue’s shape and color, and measure the pulse rate and 
strength. The traditional therapy was, in principal, based on improving blood flow, thereby over-
coming stasis, and justifying the balance in energy
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considered antianginal as they can cause vasodilation, which can help reduce 
ischemic pain known as angina by improving perfusion and decreasing the cardiac 
workload as a result of venodilation and a decrease in venous return to the heart per 
cycle. Nitroglycerin, taken sublingually, is used to prevent or treat acute chest pain. 
Nitroglycerin reacts with a sulfhydryl group (–SH) to produce NO, which eases the 
pain by causing vasodilation. Nitrates may be beneficial for the treatment of angina 
due to reduced myocardial oxygen consumption, either by decreasing preload and 
afterload or by relaxing directly coronary vessels [32, 35].

Traditional HMs used for thousands of years in Asia and other regions have been 
proven effective in certain cardiovascular disorders. Some of the HMs have 
profound NO bioactivity primarily due to the nitrate–nitrite–NO reduction pathway 
(Fig. 15.3). They contain very large amounts of nitrate/nitrite in the extracts given 
to patients [20]. The described benefits of these ancient medications may be attrib-
uted to their inherent nitrate/nitrite content combined with their robust nitrate/nitrite 
reductase activity to generate NO independent of the l-arginine–NO pathway 
[19, 20, 27, 32]. The first use of nitrate for treatment of patients with symptoms that 
appears to be angina was described in an eighth-century Chinese manuscript uncovered 
at the Buddhist grotto of Dunhuang. Chinese physicians in traditional medicine 
have tested the therapeutic effects of Xiao Shi Xiong Huang San (the Nitrum and 

Fig. 15.3 Potential pathways leading to NO production in herbal medicines. Traditional herbal 
medicines used for cardiovascular disorders, such as Danshen (Radix salviae miltiorrhizae), con-
tain large quantities of nitrate and nitrite, and some also express high levels of nitrate reductase 
activities. They may also enhance eNOS expression and activation
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Realgar Powder), one of the Dunhuang prescriptions, on angina pectoris caused by 
coronary heart disease. The patients were instructed to take Xiao Shi Xiong Huang 
San, hold it under the tongue for a time, and then swallow the saliva. Compared to 
nitroglycerin, Xiao Shi Xiong Huang San showed better efficacy and improvement 
in a clinical trial of 61 patients [36]. The significance of the instructions is that 
under the tongue, even in a healthy mouth, nitrate-reducing bacteria convert some 
of the nitrate into nitrite. Therefore, if the patient follows the physician’s instruc-
tions fully, he or she will be taking nitrite, known to be effective in alleviating pain 
resulting from angina.

Recent clinical studies have provided new evidence on Danshen, a commonly 
used HM in China, which may have a similar efficacy to the known NO-donor 
nitroglycerin [37–39]. The extract of Salviae Miltiorrhiae, or Danshen in Chinese, 
contains large amounts of nitrate [20]. The demonstration of beneficial effects of 
this herb on ischemic diseases offers an alternative avenue for the management of 
angina pectoris, myocardial infarction, or stroke [40, 41]. Danshen-related Chinese 
HMs have been widely used for treatment of coronary heart disease in the East, and 
a clinical trial is on the way in the United States. Dansen is a routine herbal medica-
tion for acute angina pectoris. In addition, it may be effective for dyslipidemia, 
blood hypervisicosity syndrome, peripheral angiopathy (superficial thrombophle-
bitis, venous thrombosis, allergic arteriolitis), diabetes mellitus, and cirrhosis, and 
is also used for altitude sickness. Experimental studies have shown that Danshen 
dilates coronary arteries, increases coronary blood flow, and scavenges free radicals 
in ischemic diseases, reducing cellular damage from ischemia and improved heart 
functions, remarkably similar to known effects of NO and nitrite. However, the 
nitrate/nitrite reductase activity in Danshen is relatively low. Often, Danshen is 
mixed with other herbal products. One of them is the extract of cinnamon or bor-
neol. Borneol is consumed widely in China and other Asian countries, particularly 
in a combined formula for preventing cardiovascular disease. Borneol exerts a 
concentration-dependent inhibitory effect on venous thrombosis [42]. The anti-
thrombotic activity of borneol contributes to its action in combined formula for 
preventing cardiovascular diseases. Our recent study has shown that although the 
natural form of borneol itself contains very little nitrite and nitrate, it displays a 
potent nitrite/nitrate reductase activity [20]. Another HM made from the root of 
Radix ginseng may also have synergistic effects with Danshen. Ginseng contains 
modest amounts of nitrate but has stronger reductase activity.

Certain HMs may also exert regulatory effects on expression and activation of 
endogenous NO-synthesizing enzymes, including eNOS. Recently, we studied 
whether pretreatment with Tongxinluo (TXL), a mixture of traditional Chinese 
medicines, can attenuate the no-reflow and ischemia-reperfusion injury in an infarct 
animal model [43]. TXL is composed of Radix ginseng, Buthus martensi, Hirudo, 
Eupolyphaga seu steleophage, Scolopendra subspinipes, Periostracum cicadae, 
Radix paeoniae rubra, Semen ziziphi spinosae, Lignum dalbergiae odoriferae, 
Lignum santali albi, and Borneolum syntheticum. To date, TXL has been widely 
used in China to treat patients with acute coronary syndrome. Pretreatment with 
TXL at low to high dose for 3 days or with a high loading dose 3 h before 
ischemia can reduce myocardial no-reflow and infarction in a swine ischemia model. 
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However, it is not clinically practical to pretreat patients who suffer from acute 
postinfarct percutaneous coronary intervention with high doses of TXL several 
hours or days before the operation. Therefore, whether or not low loading dose of 
TXL just before acute percutaneous coronary intervention can also ameliorate the 
no-reflow phenomenon and ischemia-reperfusion injury need to be clarified. In a 
90-min ischemia and 3-h reperfusion model, miniature pigs were randomly assigned 
to treatment with TXL (gavaged 1 h prior to ischemia); TXL plus H-89 (protein 
kinase-A inhibitor intravenously infused before ischemia); or TXL plus N(omega)-
nitro-l-arginine (an eNOS inhibitor, intravenously administered prior to ischemia). 
The results of this study demonstrate that TXL treatment can partially block creatine 
kinase elevation, improve coronary flow, and reduce infarct size. The effects of TXL 
may be partially abolished by H-89 or completely reversed by L-NNA. In addition, 
TXL treatment can enhanced the kinase activity and expression, evidenced by 
expression of Thr198 phosphorated-PKA, Ser1179 phosphorated-eNOS (p-eNOS), and 
Ser635 p-eNOS in the ischemic myocardium. Addition of H-89 diminishes the TXL 
activities. Thus, pretreatment with a single low loading dose of TXL 1 h before 
ischemia reduces the myocardial no-reflow phenomenon and ischemia-reperfusion 
injury by up-regulating the phosphorylation of eNOS at Ser1179 and Ser635, and this 
effect is partially mediated by the PKA pathway.

Biosafety of Herbal Medicine Enriching Nitrate and Nitrite

Nitrate and nitrite have long been used for food processing industry for preservation. 
There are two major health concerns about the safety of food or food supplements 
that contain abundant inorganic nitrite and nitrate. Previous reports suggest the risk 
of nitrite uptake for the development of methemoglobinaemia and potential carci-
nogenic effects of methemoglobinaemia. Compared to nitrite, nitrate is relatively 
safer, and, in fact, the potential toxicity of the nitrate ion is thought to occur after 
its bioconversion to nitrite, which is considerably more reactive. Hemoglobin (Hb) 
in red blood cells plays a key role in preventing the accumulation of nitrite in blood. 
The formation of methemoglobin is due to oxidation of the oxygen-carrying ferrous 
ion (Fe2+) of the heme group in the hemoglobin molecule by nitrite to the ferric state 
(Fe3+). Methemoglobin cannot bind oxygen effectively. In the clinic, significant 
methemoglobinemia with cyanosis occurs when the levels increase above approxi-
mately 5%. In animal studies, intravenous administration of nitrite at doses causing 
vasodilation increases methemoglobin to very minor levels. This suggests that 
methemoglobin is not the major obstacle for nitrite administration at these dose 
ranges. Furthermore, the presence of antioxidants and other organic compounds in 
herbal formulations may further prevent oxidation of hemoglobin by nitrite and 
nitrate also contained in the formulations.

As published in 2001 by the US Department of Health and Human Services 
National Toxicology Program [44], extensive studies in toxicology and carcinogen-
esis have shown no significant evidence for carcinogenic activity of nitrite, despite 
dose escalations sufficient to produce profound methemoglobinemia and weight 
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loss in rodents. All the rats and mice were given sodium nitrite in the drinking water 
for 14-week and 2-year periods. The low dose and short duration of treatment with 
nitrate/nitrite-containing HMs has a low risk of any carcinogenic effects. Previous 
reports suggest that the metabolism of dietary nitrate can result in intragastric for-
mation of nitrosamine, a compound that may be carcinogenic. However, after more 
than 40 years of extensive research, there is still no convincing evidence for a link 
between nitrate intake and gastric cancer in humans. Furthermore, many HMs con-
tain antioxidants and polyphenols that act as potent inhibitors of nitrosation reac-
tions. The context of nitrite and nitrate delivery along with systems for reduction 
and inhibition of nitrosation may account for the benefit of HMs. Moreover, it is 
well known that a diet rich in vegetables is associated with a lower blood pressure 
and a reduced long-term risk for the development of cardiovascular disease. 
Recently, a double-blind placebo-controlled crossover evaluation of dietary nitrate 
supplementation in healthy young volunteers had found a significant reduction in 
resting blood pressure with a nitrate dose corresponding to the amount found in 
150–250 g of green leafy vegetables [29]. Remarkably, the reduction in blood pres-
sure was similar to that described in healthy controls consuming a diet rich in fruits 
and vegetables in the Dietary Approaches to Stop Hypertension (DASH) trial [8, 
45]. Nevertheless, further studies on safety with long-term, high-dose administra-
tion of nitrite/nitrate-rich HMs are required.

Summary

Taken together, the nitrate–nitrate–NO pathway plays an important role in the 
therapeutic effect of many HMs used for cardiovascular disease (Fig. 15.4). 
The NO-donor-like herbs may serve as an alternative source of nitrate and nitrite 

Fig. 15.4 The “Yin-Yang” (陰-陽) balance of NO production and function in association with differ-
ent types of herbal medicines. As a signaling molecule well established in biology, NO plays a key 
role in the regulation of the function of the cardiovascular system by herbal medicines. Increasing 
evidence indicates that herbal medicines can help maintain the “Yin-Yang” balance through regulating 
the two mechanisms of NO production: oxidation of l-arginine and reduction of nitrate/nitrite
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or other NO-donors. They express high activities of nitrate/nitrite reductases that 
convert the inorganic anions into NO, which, in turn, relaxes blood vessels and 
prevents thrombosis. Herbs may contain regulatory factors that influence the 
expression and activity of NOS (Fig. 15.4). The NOS-regulatory herbs may interact 
with endogenous factors that modulate NOS function. Currently, there is no clear 
evidence showing that the nitrate/nitrite-rich HMs have any major adverse side-
effects, but further investigation is warranted in terms of long-term, high-dose 
administration of these HMs.
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Key points

Studies in animal models established the feasibility of sodium nitrite contributing •	
to gastric carcinogenesis primarily via conversion to nitrosamines.
Most animal studies did not corroborate this assumption.•	
Exposure of humans to nitrates is primarily from vegetables.•	
Since a fraction of nitrate is reduced to nitrite by oral bacteria, the largest source •	
of nitrite exposure is also from vegetables.
Meat processed with nitrite has reducing agents added that virtually eliminate •	
the formation of nitrosamines.
Existing epidemiological studies are not definitive and it is likely that additional •	
studies of the same type will not clarify any putative relationship, due to the 
inherent weaknesses in epidemiological studies.
Nitrate and nitrite use has clear benefits for food preservation and only theoretical •	
long-term risk that remains unproven.

Keywords Nitrosamines • Cancer • Epidemiology • Tumor • Carcinogenesis

Introduction

The putative linkage between exposure to nitrites or nitrates and risk of developing 
cancer derives from studies done in vitro, in animal models or via epidemiological 
observations. Much of the experimental literature suggesting increased risk is several 
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decades old, some of it was discounted because of contaminating nitrosamines in 
drinking water or bedding of test animals, and predates our understanding of the 
endogenous synthesis and biology of nitrogen-based secondary messengers; it 
often relied on enormous doses of nitrites/nitrates that have no relevance for normal 
dietary exposure and usually instilled directly into the stomach of animals. In addi-
tion, it was demonstrated that sodium nitrite could be a precursor to carcinogenic 
N-nitroso compounds. Under acidic conditions in the stomach, some nitrites form 
nitrous acid, which may then nitrosate secondary amines (if present) to form geno-
toxic and carcinogenic nitrosamines. Such studies only demonstrate plausibility, 
although it should be recognized that regulatory agencies generally rely on data 
from animal studies in the absence of reliable exposure/carcinogenicity information 
in humans. Furthermore, the effects of nitrites on experimental gastric cancer were 
also demonstrated before it was known that many times as much nitrate, mostly 
from vegetables whose intake may reduce risk of cancer, is in the food supply as 
nitrite and that there is significant concentration of nitrate in saliva and conversion 
of nitrate to nitrite by the oral microflora. Hence, the relationship between exposure 
to nitrates and nitrites with cancer remains controversial. Informed observers of the 
environment and cancer generally agree the level of evidence is convincing when 
there are concordant epidemiological studies showing increased risk of sufficient 
magnitude supported by animal and cell/molecular studies to demonstrate mecha-
nistic connections. Hill [1] set out nine viewpoints on the information that would 
contribute to a conclusion of causality from associations. The reader is referred to 
the original for details of the factors but Hill listed strength of the association as, by 
far, the most important of them. He also specifically mentioned an example of 
needing only fair evidence for replacement of a toxic chemical with a safer one that 
is readily available and economical compared with the requirement of very strong 
evidence if people were to cease eating sugar and fat in excess.

Animal Studies

Modern standards of testing generally call for lifetime exposure of both sexes from 
two animal species to a chemical for assessment of carcinogenicity. The dosages 
tested are often chosen by first determining the maximum tolerated dose and then 
reducing exposure so that there are no apparent toxic effects. This paradigm has 
resulted in about half of all chemicals tested being deemed carcinogens and there has 
been an ongoing debate about whether this experimental scheme is proper since such 
high doses of many chemicals could result in increased mitosis while lower doses do 
not [2]; so carcinogenicity in such a situation may be an artifact. Two-year exposure 
of groups of 50 F344 rats of both sexes to sodium nitrite at 0, 0.125% 
(125 mg/100 mL = 18.1 mM) or 0.25% (250 mg/100 mL = 36.2 mM) in drinking 
water or to sodium nitrate in the diet at 0, 2.5% (2.5/100 g = 294 mM) or 5.0% 
(5/100 g = 588 mM) resulted in two statistically significant cancer differences 
between treated and control groups – there was a significant decrease in all tumors 
in females exposed to 0.25% nitrite and all treated groups showed reductions in 
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mononuclear cell leukemias [3], the main cause of death in rats of this strain. 
These changes were seen even in the presence of a threefold increase of 
N-nitrosodimethylamine in the stomach contents of only male rats fed the higher 
dose of nitrite. Despite the absence of any carcinogenic effect of either nitrate or nitrite 
and a significant reduction in two measures of tumorigenesis, the authors concluded 
by recommending reductions of both compounds in foods as very important because 
they are precursors of N-nitroso compounds. Furthermore, these doses could never 
be achieved through dietary means. People do not consume sodium nitrate or nitrite 
directly, so Olsen et al. [4] tested in two generations of rats diets that contained 
either casein or chopped pork as the sole protein source at 45% by weight of diet; 
this level is more than double the typical protein content of a rodent diet. Sodium 
nitrite was added to the pork to make final diet concentrations of 200, 1,000 or 
4,000 mg/kg. There was no effect on reproduction or on cancer, except for a non-
significant tendency to increased number of tumor-bearing rats fed the highest dose. 
Again, despite the absence of any statistically significant effect on carcinogenesis, 
the authors recommended a reduction in the use of nitrite for curing meat.

Human Exposure to Nitrates/Nitrites

The International Agency for Research on Cancer recently evaluated the carcinoge-
nicity of ingested nitrate and nitrites [5]. The reviewers concluded there is inade-
quate evidence in experimental animals for carcinogenicity of nitrate and limited 
evidence for nitrite per se, but sufficient evidence for nitrite in combination with 
amines or amides. In humans, there is inadequate evidence for carcinogenicity of 
nitrate in food or in drinking water but there is limited evidence for carcinogenicity 
of nitrite in foods, specifically for stomach cancer. The overall evaluation was that 
ingested nitrate or nitrite under conditions that result in endogenous nitrosation is 
probably carcinogenic to humans, placing both compounds in Group 2A (of prob-
able carcinogens) that include well-established carcinogens such as benzo(a)
anthracene, 1,2-dimethylhydrazine and N-ethyl-N-nitrosourea. The IARC report 
states that the overall evaluation was made despite the observation that none of the 
human studies linking nitrite to stomach cancer had taken into account potential 
confounding or effect modification by Helicobacter pylori, an important microbial 
risk factor for stomach cancer.

To assess human exposure to nitrates and nitrites, four primary conditions must 
be met. First, we need an accurate database of sources of the compounds in food, 
water and any other relevant sources of exposure. Second, we need accurate methods 
of determining exposure over time to foods and beverages. Third, we need to know 
about exposure to preformed carcinogenic nitrosamines, since nitrates and nitrites 
themselves are not harmful at usual levels of exposure. Fourth, we need to know 
what proportion of exogenous or endogenous nitrates or nitrites are converted to 
carcinogenic nitrosamines after ingestion. In addition to exposure factors, we need 
to know if there are other biological mechanisms by which these compounds affect 
carcinogenesis.
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There are no official government databases that include nitrate or nitrite 
 concentrations in food. The primary reason for this is the marked variability within 
foods and the fact that drinking water can be a major source of exposure. For exam-
ple, nitrate content of seven vegetables in Denmark show 20-fold differences within 
each type with about threefold seasonal variation [6]. From an estimated total intake 
of 61 mg/day of nitrate and 0.5 mg/day of nitrite, the eight vegetables surveyed con-
tribute 49 and 0.09 mg, respectively. Similar variability was found in vegetables and 
processed foods likely to contain nitrite (mostly meat and dairy products) in  
New Zealand [7]. In both countries, lettuce was the food providing the most nitrate. 
Based on the acceptable daily intake (ADI) values for nitrate and nitrite in New 
Zealand, the mean adult intake from food and water was 16 and 13% of the ADI. But 
a maximally exposed adult (a vegetarian consuming well water with high nitrate) was 
estimated to exceed the nitrate limit by sevenfold. Because of the endogenous con-
version of nitrate to nitrite by oral microflora, 10% of the New Zealand population 
with an average conversion rate of 5% exceeds the ADI for nitrite and among those 
with a high conversion rate of 20%, half that portion of the population exceeds the 
ADI. Factors affecting nitrate and nitrite variability of vegetables include variety, soil 
conditions, growth conditions (including fertilization and water stress), transport and 
storage conditions. Hord et al. [8] modeled the nitrate and nitrite content of the 
DASH diet (Dietary Approaches to Stop Hypertension), which stresses high fruit and 
vegetable intake along with three servings of low-fat dairy and a reduction in meat 
and eggs, that has been shown in intervention studies to reduce mild hypertension 
and is one of the dietary patterns recommended in the Dietary Guidelines for 
Americans. Selecting seven low-nitrate fruits and vegetables could yield 174 mg 
nitrate and 0.41 mg nitrite while choosing high-nitrate plant foods would yield 
1,222 mg nitrate plus 0.35 mg nitrite daily, not taking into account the salivary reduc-
tion of nitrate to nitrite. Likewise, it has been pointed out that traditional Mediterranean 
and Japanese diets contain more nitrate than recommended by the World Health 
Organization [9]. From these data, it should be apparent that dietary patterns recom-
mended for reduction of chronic disease, including various types of cancer, can be 
notably high in nitrate and/or nitrite content and still afford reduced risk.

Processed meats are the major source of preformed nitrites but given that the 
conversion of nitrate to nitrite occurs at 5–20% of the total ingested, meats are not 
the major sources of total exposure to nitrites. Another confounder in assessing 
exposure is that processing of meats differs geographically. In Europe, total intake 
of cured meats is lower in Mediterranean countries than in central and northern 
countries; however, intake of nitrate/nitrite is higher in Spain than in Germany or 
the United Kingdom because of the differences in the amount of nitrate/nitrite 
added to meats and storage conditions that may not include refrigeration, or the 
addition of reducing agents in processing designed to reduce formation of nitro-
samines [10]; these aspects call into question the validity of international comparisons 
of processed meats unless all such parameters are taken into account. In addition, 
widespread addition of reducing agents to cured meat over the past 35 years has 
greatly decreased intake of preformed nitrosamines from this source; so much of 
the older literature is no longer relevant.
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When evaluating the potential role of nitrate or nitrite in cancer, it is essential to 
know what other potential carcinogens are in foods along with the nitrogen ions. This 
was accomplished by one group through literature searches and included the type of 
food, cooking method, preservation method, cooking doneness, temperature, time, 
nitrosamines, heterocyclic amines and polycyclic aromatic hydrocarbons [11]. One 
limitation of this type of approach is the variation in quality of the analytical methods 
among published studies. Another limitation in assessing the role of nitrate/nitrite in 
cancer is factors that associate with higher exposures. In addition to diet, drinking 
water, occupation and environment, endogenous formation contributes to the overall 
exposure. We must recognize that nitrite and nitrate are formed endogenously from 
nitric oxide production and oxidation. Among women in the National Birth Defects 
Prevention Study, many characteristics distinguished participants according to the 
level of nitrate/nitrite intake and exposure to nitrosamines that included race/ethnicity, 
area of residence, household income, education, fat as percent of calories and age at 
conception [12]; these factors were all associated with adverse birth outcomes and 
hence it was not possible to clearly separate food components from confounders.

If exposure to nitrate/nitrite is a key factor in cancer, then workers exposed dur-
ing industrial uses, particularly in years prior to the widespread use of protective 
breathing devices and improved air handling should prove revealing. In a cohort of 
1,327 men working in a fertilizer factory since 1945 and exposed to nitrates for at 
least 1 year, 537 were considered heavily exposed [13]; this was determined from 
salivary nitrate and nitrite concentrations and the exposed workers had 212 nM/mL 
(212 mM) nitrate and 129 nM/mL (129 mM) nitrite in their saliva, which was about 
double the levels in non-exposed employees of the same company and almost four-
fold higher than salivary levels in local residents. Exposure could have been 
through inhalation, accidental ingestion or dermal contact. Urinary N-nitroso com-
pounds were also increased in both the total cohort and heavily exposed workers. 
Despite this greatly increased chronic exposure to nitrate and its metabolites there 
was no significant increase in cancers or any other specific diseases, except for 
laryngeal cancer for which four deaths were observed when 0.9 was expected in the 
total cohort. Of course, smoking was highly prevalent at that time and that factor 
was not controlled for. All cause mortality was lower in the exposed workers – 193 
deaths observed when expected deaths were 220 in the heavily exposed men and 
304 observed versus 368 expected in the total cohort. If industrial exposure that 
equates to fourfold higher salivary nitrate shows no increase in cancers and about a 
15% reduction in total mortality, it is difficult to conclude that there is any risk of 
serious chronic disease from nitrate at the levels reported.

Unresolved Issues in Epidemiology

There is no doubt that epidemiologic investigation has contributed to our under-
standing of linkages between lifestyle or environmental factors and chronic dis-
eases. While this has been most useful for cardiovascular disease, the linkages with 
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cancer are less certain, in part, because of our lack of understanding of the causes 
and various promoters of carcinogenesis that likely interact differently with varying 
genotypes. The link between cigarette smoking and lung cancer was made first by 
retrospective case–control studies. This should not be surprising since the relative 
risk (RR) of lung cancer among smokers is at least tenfold higher than in non-
smokers. RR refers to the rate of disease in those exposed to the highest amount of 
a factor compared with the rate in those exposed to the lowest amount, which can 
be zero. So, if the absolute lifetime rate of colon cancer is 2 in 100, then a RR of 
1.5 reflects a lifetime rate of 3 in 100. Therefore, if nitrate/nitrite carries a theoretical 
RR of 1.5 for some types of cancer among 100 people who are not exposed, 2 will 
get cancer and among people who are heavily exposed, 3 will get cancer. But  
97 other people will have to avoid exposure to prevent that 1 additional case.

It is rare for a diet–cancer relationship to exceed a RR of 2, and most environ-
mental epidemiologists outside the diet field consider a RR of that magnitude as 
weak to the point of having little certainty. The only dietary RR exceeding the 
threshold of 2.0 is the relationship between consumption of moldy cereal grains 
contaminated with aflatoxin and liver cancer, which carries a RR of 6; this is an 
important risk factor in parts of Africa and Asia. Substantial controversy exists 
within the epidemiology community and among other researchers about how 
capable current epidemiological methods are to accurately determine food intake, 
how much natural variation occurs in the same foods from different areas or sea-
sons and whether relatively weak RRs really suggest causality. One of the biggest 
problems facing epidemiologists is the issue of confounding – many lifestyle fac-
tors associate with another variable but not all in a causative manner so that only 
some factors are responsible for the association [14]. These issues will be discussed 
in detail in the following chapter.

Some epidemiologists working in this area have proposed that the inability of 
nutritional epidemiology to identify active factors from the diet is not simply a 
problem of quantitation but an inability to qualitatively identify dietary constituents 
that are effective [15] because single agents are identified as the active factor in a 
system in which multiple agents or multiple interacting host factors are responsible 
for the effect. If this criticism is valid, then the converse is also true – nutritional 
epidemiology is not capable, with methods currently available, of identifying factors 
in the diet that increase the risk of cancer and, as a result, larger cohorts will not 
provide definitive answers because of the inherent collinearities and biases. Willett 
[16] has argued that prospective studies avoid the biases of recall and selective 
participation and that diet measurement error would force the RR toward the null. 
However, it is established that those who volunteer for health research tend to be 
healthier than the general population. Furthermore, if an error in estimation of 
nutrient intake is nonrandom, forcing the RR to the null may not occur. Willett’s 
position was written in reaction to the EPIC study’s finding that a statistically sig-
nificant reduction of 4% (RR = 0.96) for all cancers was associated with an incre-
ment of 200 g/day of fruits and vegetables. Willett concluded from these data that 
recommending fruits and vegetables to reduce cancer is not justified, even though 
it is possible that some specific fruit or vegetable may have a greater benefit.
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The World Cancer Research Fund (WCRF) in 2007 published what is considered 
by many a definitive set of systematic reviews and meta-analyses on cancers of 
various organs and dietary habits [17] even though there is substantial controversy 
about the conclusions of that report. The only two foods recommended for avoid-
ance were moldy cereals (RR of 6.0 for liver cancer) and processed meats (RR of 
1.4 for colorectal cancer). Despite the conclusion about processed meat and  
colorectal cancer, WCRF noted there was not enough evidence to reach any conclu-
sion about nitrate or nitrite. Some scientists interpreted this report as based on a 
fragile foundation, given the uncertainties around quantifying the connection and 
the weak relationships between food and cancer [18].

One of the more provocative and eloquent commentaries on this situation called 
on cancer epidemiologists to be more circumspect in claiming positive results from 
the studies of environmental (including diet) and occupational exposures with  
cancer [19]. The authors pointed out that the more studies conducted on a specific 
topic, the lower the RR over time, primarily as a result of earlier studies finding 
statistically significant yet false findings that had arisen by chance leading to other 
studies attempting to replicate the original observation. A number of commentaries 
were published in response to that editorial and the same authors were compelled 
to point out that “committee reports and their conclusions in themselves should not 
be misconstrued as science; they are consensus documents and opinions with an 
eye toward closure. In contrast, science is inherently open-ended, provisional and 
tentative in its findings and conclusions” [20]. If the reader doubts that more 
research can result in lessening the certainty around most individual epidemiological 
associations, a mathematical approach has been developed that demonstrates most 
published research finding are false positives [21], supporting the conclusion that 
claimed differences may simply be with an accurate measurement of the prevailing 
bias. This particular author advocates larger studies that offer more statistical power 
but cautions that large studies are more likely to find a statistically significant dif-
ference that is not meaningfully different from the null, and also points out that the 
totality of the evidence from different types of studies must be considered, again 
harkening back to the 50-year-old admonition of Hill [1].

One area vital to assessing a relationship of any dietary component and cancer 
risk is accurate assessment of exposure. Although 24-h diet recalls are often used 
in small to moderate sized studies, most large prospective cohort studies, consid-
ered the strongest design of those currently in use, rely on the food frequency 
questionnaire (FFQ) that can be computer scored or administered online. Not only 
does the FFQ have the advantage of lower participant burden and lower cost, it 
should be able to ascertain foods eaten less often. One inherent problem is that an 
FFQ is often “validated” by determining correlation for specific nutrients with 
values derived from one or more 24-h recalls. This would be acceptable if the 24-h 
recall exhibited both high precision and accuracy; however, most recalls or diaries 
approximate total energy by plus/minus 25% around the mean, or a range of 50%. 
Some FFQs are validated against plasma biomarkers such as polyunsaturated fatty 
acids or carotenoids as markers of intake. However, no FFQ has ever been validated 
for the numerous components of foods for which they are used to associate with 
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disease endpoints. Just because an FFQ correlates with one or a few markers (usually 
with modest correlations of up to ~0.5) it does not mean it accurately and precisely 
captures intake of nutrients calculated from it. Another issue is that subjects who 
eat more total energy also are exposed to more of all nutrients. One of the responses 
to this concern has been to adjust for energy intake. The Observing Protein and 
Energy Nutrition (OPEN) study examined the ability of the FFQ to estimate total 
energy and protein intake by measuring the attenuation resulting from dietary mea-
surement error [22]. For both energy and protein, the attenuation was substantial 
enough for the investigators to conclude that the FFQ cannot be recommended. 
Although multiple 24-h recalls were more accurate, the authors questioned the  
ability of both these instruments to detect moderate RRs between 1.5 and 2.0 
(which is the maximal RR for almost all diet–cancer relationships) even when 
dietary factors are adjusted for energy intake. These findings led to the assertion by 
epidemiologists who have made extensive use of the FFQ that we are not likely to 
learn much more about diet and cancer by continuing to use the standard FFQ [23]. 
However, it is not clear how an FFQ can be modified to overcome these deficien-
cies. It is likely the FFQ accurately separates high and low consumers of most 
foods. But what used to be called semi-quantitative FFQs are now being used to 
report food intakes to the fraction of a gram and nutrients to the milligram. Also, 
many studies use a single FFQ to represent intake over the full follow-up period and 
it is established from studies with FFQs that women change intake of dietary fiber 
by two or more quintiles over 6 years of follow-up [24]; it is a given that if fiber 
intake changes to that extent, consumption of other foods must also vary by similar 
amounts. A key to understanding exposure to a food or nutrient over time is 
whether the FFQ can capture that and, if so, how to integrate multiple FFQs into a 
composite exposure index.

Epidemiologic Associations of Nitrates/Nitrites and Cancer

Despite the limitations described in the section above, those charged with deciding 
about diet and cancer risk feel pressure to use the best available evidence to make 
a recommendation even though it is not as strong as desired and are rarely defini-
tive. This would be more acceptable if such recommendations carried grades about 
the strength of evidence but that is not commonly done; in fact, sometimes taking 
no position may be the correct decision even though this is almost never done. 
Therefore, a cursory review of the state of the science is presented here, with the 
assumption that some of the small but statistically significant risks associated with 
nitrates, nitrites or their food sources may be real, even though that remains 
speculative.

As mentioned above, the WCRF report [17] stimulated considerable discussion 
and reaction from the meat industry. Some researchers called upon the industry to 
reduce or eliminate the use of nitrates/nitrites in processing meat based on the 
assumption that these additives were proven carcinogens [25]; however, if that 
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conclusion is incorrect, then what is proposed is a major change in the production 
of foods that have been popular for hundreds of years and whose new formulations 
are potentially less appealing, less safe and more expensive. So, it is not at all trivial 
for the food industry to respond to the WCRF report with changes in production.

In 1998, a review of the epidemiological evidence on nitrates, nitrites and 
N-nitroso compounds with regard to cancer came to the conclusion that N-nitroso 
compounds are potent carcinogens in animals but the evidence in humans for all 
three categories of compounds was inconclusive with regard to cancers of the 
esophagus, stomach, brain and nasopharynx [26]. The rationale for these specific 
cancers studied is that most nitrosamines that are carcinogenic (about 90% of those 
tested) exhibit target-organ specificity. All of the studies summarized in this review 
were of the case–control variety. This design is inherently susceptible to recall bias 
– that is, an individual diagnosed with cancer often remembers his or her diet dif-
ferently from a healthy person when that person is in a research study looking at 
the link between diet and cancer. Additionally, it is not clear what time period is 
most important in carcinogenesis other than the obvious requirement that exposure 
occurs before tumor development. But is diet in the year before diagnosis impor-
tant, 10 years of continuous exposure required or a specific period of life critical to 
establishing a relationship? Furthermore, endogenous production of N-nitroso com-
pounds may be more important for exposure than exogenous intake. The authors of 
this review also pointed out, where exposure appears to have a small effect, the 
amount of uncontrollable confounding inherent in the studies is about as large as 
the most plausible effect and the absence of actual exposure levels may have 
resulted in misclassification sufficient to explain negative study results.

A systematic review of the epidemiological evidence on esophageal and gastric 
cancers with food sources of nitrites and nitrosamines evaluated both case–control 
and cohort studies [27]. Evidence from case–control studies of gastric cancer was 
claimed to show elevated risk from high nitrite and nitrosamine intake, but was not 
considered conclusive. Importantly, no formal meta-analyses were presented in this 
paper. The three cohort studies summarized showed no elevated risk. Studies of meat, 
processed meats, preserved fish, smoked foods, preserved vegetables and beer were 
included in this review although no clear definitions of any food groups were pre-
sented and it is safe to assume there was no consistency among the foods, or their 
nitrate/nitrite contents, making up these food groups across studies. Again, while 
case–control studies tended to support a correlation between stomach cancer and 
several of these food categories, the cohort studies neither support such a conclusion 
nor was there a formal meta-analysis of the data. Another review of various dietary 
factors and gastric cancer risk concluded that N-nitroso compounds such as nitro-
samines increase cancer risk but the evidence on nitrate and nitrite are not consistent 
enough to reach a conclusion [28]. These authors cited a meta-analysis of six prospec-
tive studies that found a RR of 1.15 for gastric cancer among the highest consumers 
of processed meat and made the assumption that this habit increased exposure to 
N-nitroso compounds. However, addition of reducing agents since the 1970s has 
greatly decreased the formation of these compounds in processed meats and there is 
little, if any, certainty in judging endogenous production of nitrosamines.
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A case–control study in Mexico City examined the intake of nitrates, nitrites and 
polyphenols in 257 people with stomach cancer and 478 controls via analysis of a 
FFQ [29]. Cases were distinguished from controls by significantly higher H. pylori 
infection, alcohol use, energy intake, added salt and chili consumption, but lower 
servings of vegetables. While estimates of nitrate and nitrite consumption by cases 
were significantly higher, the differences were 6 and 4%, respectively, and there were 
no differences in these compounds derived from animal sources. Nevertheless, the 
RR for consumption of nitrate from animal sources was 1.87 (95% confidence interval 
of 1.19–2.91). Controls ate more vegetables that resulted in significantly greater intake 
of nitrate, nitrite, cinnamic acids, total lignans, secoisolariciresinol and coumestrol. 
These increased polyphenols reflect greater consumption of pears, mangoes, legumes, 
carrots and squash. Since we do not consume nutrients in isolation, except in dietary 
supplements, perhaps it would be more productive to characterize foods, food groups 
or dietary patterns associated with reduced risk of cancer as all single nutrient pre-
scriptions for prevention of cancer seem not to hold up over time.

Another study of nitrate intake in relation to stomach cancer was a case–control 
study in Korea that looked at effect modification by intake of antioxidant vitamins 
[30]. In Korea, the gastric cancer rate has declined but it still remains the most  
common form of the disease and accounts for 20% of all cancers. For a perspective, 
Mexico also has high stomach cancer prevalence while the US has one of the 
world’s lowest; decline in the US paralleled adoption of refrigeration leading to 
speculation that spoiled foods contributed to the high stomach cancer rate. Korea’s 
experience with stomach cancer differs from most other countries in that the rate in 
women is almost as high as for men; in most countries, men have twice the preva-
lence of stomach cancer. One limitation of the Korean study is that only 136 cases 
and an equal number of controls were studied. H. pylori infection was significantly 
more common among cases than controls. There were nonsignificant trends for 
shorter usage of refrigerators among cases and a greater history of gastric cancer 
among first-degree relatives. Cases consumed about the same nitrate as controls but 
cases ingested significantly less beta-carotene, vitamin C, vitamin E and folate. 
There were significant correlations between nitrate intake and these plant nutrients, 
with vitamin C and folate correlations of 0.64 and 0.70 while the correlation for 
beta-carotene was 0.26. The lower correlation of nitrate with vitamin E (0.11) was 
not significant. The RR for stomach cancer increased as the ratio of nitrate to these 
vitamins increased but only the ratio of nitrate:folate remained statistically signifi-
cant following multivariate adjustment for confounders identified in this study. It 
should be pointed out that the mean daily intake of nitrate was 534 mg and this is 
more than 2.4 times the ADI, as a result of the high vegetable intake, particularly 
Korean radish, cabbage, lettuce and spinach. The authors suggest that the ratio of 
dietary nitrate to antioxidant vitamins may be a fruitful area of further 
investigation.

It is enlightening to examine in some detail one of the largest prospective cohort 
studies on diet and cancer – the NIH-AARP Diet and Health Study, being con-
ducted among more than 567,000 individuals aged 50–71 years at the start who 
were administered a FFQ at baseline. In the first 6.8 years of follow-up, over 
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53,000 cancers were diagnosed in 21 different organs or tissues. The mean intake 
of processed meat by subjects in the highest quintile of consumption was 14 times 
the average intake in the lowest quintile. The highest quintile had significantly 
elevated risks of lung (RR = 1.16) and colorectal (RR = 1.20) cancers but signifi-
cantly reduced risks of leukemia and melanoma, while the other cancers reported 
did not differ by intake of processed meat [31]. Nitrite and nitrate intakes were not 
reported in this study. The authors reported the p value for the trend of each cancer 
and those were significant only for the elevated risks as well as for two other 
cancers for which the 95% confidence interval crossed the null, which traditionally 
denotes nonsignificant observations. It is compelling to ask if using standard criteria 
of 95% confidence intervals not crossing unity (RR = 1.0) to determine signifi-
cance in epidemiological studies that risk of two cancers was elevated, two 
decreased and 17 unchanged, were the calculated significant differences in trends 
really meaningful?

Another report from the NIH-AARP cohort described data from 7 years of follow-
up in 300,000 from the larger group, with 2,719 colorectal cancers cases diagnosed 
subsequent to initiation of the study [32]. Subjects were divided by quintile of red 
meat intake, adjusted for total dietary energy; mean red meat intake in the lowest 
quintile was 8.9 and 66.5 g/day in the highest quintile per 1,000 kilocalories. 
However, factors that strongly correlated with red meat intake were male gender, 
lower education, more smoking, lower physical activity, more calorie intake and less 
calcium, fiber, fruits and vegetables. Median processed meat intakes in the lowest 
and highest quintiles were 2.7 and 38.0 g/day/1,000 kilocalories. RR for colorectal 
cancer was significantly elevated at 1.16 (95% CI, 1.01–1.32). The same RR for 
nitrate from processed meats was calculated but the risk for nitrite from processed 
meats (RR = 1.11, 95% CI, 0.97–1.25) was not significant. Failure to calculate nitrite 
and nitrate intake from other sources makes these data much less certain. Some 
investigators have suggested other factors in processed meat such as preformed 
heterocyclic amines or the combination of nitrites and amines make nitrate/nitrite 
intake from meat dangerous compared with nitrate/nitrite from other foods. But if 
nitrate or nitrite is designated as a culprit, there is no plausible difference in biology 
from ingesting larger amounts of nitrogen ions from vegetables, water or meat.

The same large cohort was studied for relation of N-nitroso compounds with 
adult brain cancer [33]. This time 546,000 participants’ data were analyzed to iden-
tify 585 cases of glioma. No significant trends in risk were found for consumption 
of red or processed meat, nitrate, or vitamins C or E. Significantly elevated risks 
were found for total fruit and vegetable consumption (RR = 1.42, 95% CI, 
1.08–1.86) and for nitrite from plant sources (RR = 1.59, 95% CI, 1.20–2.10). The 
authors argued that nitrate from grain products might be harmful because grains do 
not contain the nitrosation inhibitors found in fruits and vegetables. They admit 
they did not statistically adjust their results for multiple comparisons, so the find-
ings may be by chance. In addition, this cohort was examined for the risk of pros-
tate cancer in a subset of 175,343 men [34]. Over 10,000 cases of prostate cancer 
were diagnosed and 1,102 were in advanced disease during 9 years of follow-up. 
Nitrite and nitrate from meat were not associated with total prostate cancer 
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(RR = 1.02 for both), but there were significantly elevated risks with advanced  
prostate cancer (RR = 1.24, 95% CI 1.02–1.51 and 1.31, 95% CI, 1.07–1.61 for 
nitrite and nitrate, respectively). One would expect if the relationship between a 
subset of 1,102 cases of prostate cancer and these two compounds were real, then 
it would be seen in a ninefold larger group of total prostate cancer cases.

The final report from the NIH-AARP cohort to be discussed here reported on 
total mortality [35]. Red and processed meat intakes were reported to increase the 
risk of total death during 10 years of follow-up in which there were over 71,000 
deaths, with two-thirds of the deaths in men. Men in the quintile of highest red meat 
intake had a RR of 1.31 (95% CI, 1.27–1.35) and for processed meat the RR was 
1.16 (95% CI, 1.12–1.20). The information that put these values in sharpest  
perspective was the risk of mortality from injuries and sudden deaths. Red meat 
was associated with an increased RR of 1.26 (95% CI, 1.04–1.54) and white meat 
associated with a decreased RR of 0.85 (95% CI, 0.70–1.02). There is no plausible 
link between accidental deaths and greater intake of red meat or a protective effect 
of poultry/fish consumption unless these different dietary habits reflect other life-
style decisions that lead to fatal accidents. These data may suggest that RRs in the 
range reported are not signals, but are noise, even when based on huge numbers 
compared to most dietary epidemiology studies.

A different cohort study of about 100,000 participants, in contrast to the NIH-
AARP study [32], found no association of either red or processed meat consump-
tion with lung cancer in men or women [36]. For processed meat, the RR for lung 
cancer risk in the highest quintile of consumption was 1.12 (95% CI, 0.83–1.53) in 
men and 0.98 (95% CI, 0.68–1.41) in women. A wide variety of cancers in other 
organ sites have been studied in relation to nitrate/nitrite intake and red or pro-
cessed meat as a proxy for nitrates and nitrites, even though there is no strong  
correlation between the foods and intake of the compounds in all studies. A meta-
analysis of all published studies on red or processed meat and kidney cancer, 
including 12 case–control studies, three cohorts and the Pooling Project [37] in 
which 13 cohort studies were evaluated, found no increased risk with high con-
sumption of meat [38]. The RRs ranged from 1.02 to 1.19 and the total findings 
were interpreted as not supportive of a relationship between intake and cancer risk. 
Another prospective cohort study in The Netherlands examined a potential relation-
ship between nitrate intake and bladder cancer [39]. In a population of 120,852 
middle-aged men and women, followed for 9.3 years, 889 cases of bladder cancer 
were compared against cohort members without the disease. Nitrate exposures 
from food, drinking water or total sources were similar and did not elevate risk – 
RR for nitrate from food was 1.06 (95% CI, 0.81–1.31). Three US cohorts were 
combined to examine a relationship between nitrates/nitrites and glioma in adults 
[40]. A total of 237,794 people were followed for up to 24 years and 335 cases of 
glioma were identified. Risk of glioma was not elevated for highest consumption of 
nitrate (RR = 1.02, 95% CI, 0.66–1.58) or nitrite (RR = 1.26, 95% CI, 0.89–1.79).

The final epidemiological study to be considered here exemplifies the difficulty 
in examining compounds found in multiple foods and water with the development 
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of cancer. A case–control study in Iowa, where there are high levels of nitrate in the 
drinking water, was conducted among 458 cases of non-Hodgkin’s lymphoma and 
383 controls with records on exposure [41]. There was no elevated risk from high 
nitrate in drinking water (RR = 1.2, 95% CI 0.6–2.2). Nitrate in diet was associated 
with decreased risk (RR = 0.54, 95% CI 0.34–0.86) but nitrite was associated with 
increased risk (RR = 3.1, 95% CI 1.7–5.5); however, this latter increase was attrib-
uted to nitrite in breads and cereals.

Conclusions

No consistent relationship appears between nitrate/nitrite exposure and risk of  
cancer or other adverse health consequences. In fact, experts remain considerably 
divided on the risk when summarizing and interpreting the same data [42, 43].  
A relatively new area of research that challenges traditional biochemical thinking 
on this topic is that endogenous protein S-nitrosylation may play a substantial role 
in pathophysiological states, including cancer, and that this phenomenon is mostly 
independent of exogenous nitrogen ion exposure [44]. S-Nitrosylation is the pro-
cess in which nitric oxide is post-translationally added to cysteine sulfhydryl 
groups of proteins. This process represents a form of redox modulation and is 
becoming increasingly recognized as a regulatory reaction perhaps equally impor-
tant to phosphorylation. A partial list of proteins related to carcinogenesis shown to 
undergo S-nitrosylation includes Ras, COX-2, PTEN, NF-kB, p53, Bcl-2, caspases 
and DNA repair enzymes. Both nitrosylation and denitrosylation of various target 
proteins contribute to the net biological effect. The activities of nitrite as a signaling 
molecule and regulator of gene expression, combined with its abundance in vivo 
and its stability, suggest an important role of nitrite in normal metabolism [45, 46].

As can be seen in the epidemiology section above, some groups of researchers 
consistently report that nitrate/nitrite increases the risk of cancer. It is not clear why 
only some scientists find this while others consistently do not. One of the former 
groups recently reported that men fed 420 g/day of processed meats had a 70-fold 
increase in fecal excretion of N-nitroso compounds compared with those eating a 
vegetarian diet [47]; however, similar increases in fecal excretion of these com-
pounds were found when subjects consumed a diet supplemented with red meat that 
contained no nitrite. This strongly suggests that endogenous formation of N-nitroso 
compounds is independent of dietary intake of nitrite. There were five male and 11 
female volunteers in this study. Curiously, only the data for the men were published 
with the rationale that their diets contained the largest amount of meat. The authors 
of this report proposed that nitrosothiols form in the acidic conditions of the stom-
ach following ingestion of any meat products. However, it is far-fetched that nitro-
sothiols formed in the stomach would not be absorbed along the length of the 
gastrointestinal tract. Furthermore, inorganic nitrite under acidic conditions as might 
occur in the stomach or urinary bladder actually inhibits carcinoma cell growth and 
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this effect can be enhanced by the addition of ascorbic acid [48]. This effect 
appeared to result from the formation of nitric oxide or other reactive nitrogen 
oxide species.

The reader is referred to a risk–benefit analysis of dietary nitrate and nitrite that 
examined the small, uncertain risks of cancer balanced against the certain reduction 
of food poisoning, including the elimination of botulism and marked reduction in 
other microbial illnesses from commercially processed meats, and balanced these 
observations with the potential cardiovascular benefits from the nitrogen ions [49]. 
It should be clear that scientists and policy makers need to understand the full bio-
logical ramifications of exogenous exposure to nitrates/nitrites from all sources, the 
endogenous synthesis of nitrogen metabolites and their biological consequences in 
multiple target tissues before any meaningful decisions can be made. The strength 
of evidence to make such decisions will not be made by counting up the number of 
publications, or looking at the largest cohort, but by weighing a variety of studies 
and synthesizing a rational conclusion that does not trade proven and immediate 
consumer safety for a small, long-term risk that remains theoretical despite decades 
of research.
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Key points

The Nitrate-Nitrite-Nitric Oxide pathway may be the redundant system for •	
maintenance of NO homeostasis in physiology.
Utilizing nitrite and nitrate as a means to restore and replete NO homeostasis •	
may provide a first line of defense for conditions associated with NO 
insufficiency.
Identification of foods with NO activity may allow for rationale design of diets •	
or meal plans for people with cardiovascular disease.
More studies are needed in order to firmly establish the risk benefit of dietary •	
nitrite and nitrate in specific patient populations.
Developing safe and effective strategies to restore and replete NO homeostasis •	
will have a profound impact on public health and patient care.

Keywords Drug	 development	 •	 Nutritional	 interventions	 •	 Dietary	 guidelines	 •	
Risk benefit evaluation

Eating a well-balanced, nutritious diet and performing moderate exercise comprise the 
ideal model for routine good health and disease prevention. Probably not coincidently, 
these two activities are known to affect nitric oxide production positively, which, one 
can argue, is a key molecular mediator of the salubrious effect of both interventions. 
What is becoming more apparent is that NO derived from dietary sources of nitrite and 
nitrate comprises another key pathway in NO biology. Notwithstanding the essential 
nature of nitrite and nitrate in the environmental nitrogen cycle, historical use of nitrates 
and nitrites as medicinal agents, and the fact that these anions are produced naturally in 
the body from the oxidation of nitric oxide, public perception remains that these are 
harmful substances in our food and water supply [1].
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There exists a number of nitrogen-containing molecules that are essential and 
fundamental for all life. Nitrogen is the largest single constituent of the earth’s 
atmosphere; it is created by fusion processes in stars, and is estimated to be the 
seventh most abundant chemical element by mass in the universe. Nitric oxide, 
nitrite, and nitrate in the environment and in the body make up part of the overall 
biological nitrogen cycle along with proteins and nucleic acids, and are important 
intermediates or mediators of a number of biological actions. The realm of nitrogen-
based chemistry is historical and complex. Just as Alfred Nobel found great irony 
in the fact that he was prescribed nitroglycerin for his angina later in life, which was 
the very substance that he had patented for safe delivery of dynamite, the current 
view of the biological activity of nitrite and nitrate shares a similar historical irony. 
The discovery that a toxic gas (NO) was produced by the inner lining of our blood 
vessels was shocking and revolutionary. This is not to say that NO is not poisonous 
or dangerous because its chemical properties define it as a poison or toxin; however, 
in the right context and in an ideal environment, it is without doubt the most impor-
tant molecule produced in blood vessels. The same argument can be made for 
nitrite and nitrate. Their inherent chemistry makes them toxic, but in the right con-
text and the right environment, they can have extremely beneficial actions in the 
human body. The illustration in Fig. 17.1 shows the label of NO, sodium nitrite, and 
sodium nitrate as poisonous and toxic. Yet, we appreciate and understand the essen-
tial functions that NO has in the body. Becoming more apparent are the same ben-
eficial effects of nitrite and nitrate in the proper context. As an analogous example, 
water is absolutely essential to all life on earth and is completely safe and innocu-
ous; however, if one were to drink a large excess of water within a few minutes, the 
cells in the body would swell and burst owing to the hypotonic effects. In the words 
of Paracelsus, “the dose makes the poison.” With respect to nitric oxide and nitrite, 
one could add the duration, location, context of exposure, and method of delivery 
[2] as defining the poison.

Despite NO being recognized by the scientific and medical community as one 
of the most important molecules produced within the body and being named 

Fig. 17.1 The labels from a cylinder of nitric oxide gas, and bottles of sodium nitrite and sodium 
nitrate
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“Molecule of the Year” by Science in 1992 and a Nobel Prize in Physiology or 
Medicine awarded for its discovery in 1998, there are currently only three products 
in the market directly related to NO: (1) organic nitrates, such as nitroglycerin for 
the treatment of acute angina (these have been used for many decades long before 
the discovery of NO); (2) inhaled NO therapy for neonates for treatment of pulmo-
nary hypertension due to underdeveloped lungs; and (3) phosphodiesterase inhibitors, 
such as sildenafil (Viagra®), which do not directly affect NO production but act 
through affecting the downstream second messenger of NO, cyclic guanosine 
monophosphate (cGMP). There are a number of other NO-based therapies in devel-
opment, including technologies designated to affect posttranslational protein modi-
fications through S-nitrosation. The method of delivery of NO is of utmost 
importance. We know that delivery of NO through controlled and enzymatic meta-
bolism of organic nitrates is safe and effective treatment for angina, but still not 
without some adverse effects as presented in Chap. 13. The safe delivery of NO 
gas through inhalation therapy is now also in practice. Inhaled NO is currently approved 
by the US Food and Drug Administration for hypoxemia in term and near-term 
infants with pulmonary hypertension. Although more clinical trails are underway 
in other disease states, currently, this is the only approved use of inhaled NO.

We expect the same considerations for the safe and effective delivery of nitrite 
and/or nitrate. Understanding their underlying chemistry and metabolism is intrinsic 
to developing strategies for delivery. The risk–benefit spectrum from nitrite and 
nitrate may very well depend upon the specific metabolism and the presence of 
other components that may be concomitantly ingested or available at the time 
of administration or ingestion. The stepwise reduction of nitrate to nitrite and NO 
may account for these benefits, while pathways leading to nitrosation of low-
molecular-weight amines or amides may account for the health risks of nitrite and 
nitrate exposure. Understanding and affecting those pathways will certainly help in 
mitigating the risks. The early concerns about nitric oxide reactivity and the 
propensity to undergo unwanted nitrosation reactions also are invariably related to 
nitrite and nitrate biochemistry. We know from Chap. 4 that these reactions can 
occur, but there are also very effective inhibitors of nitrosation reactions including 
vitamins C and E, as well as polyphenols, that are present in many foods that 
contain nitrite and nitrate, particularly vegetables.

The first pathway to be discovered for the endogenous production of NO was that 
involving l-arginine. For years scientists and physicians have investigated l-arginine 
supplementation as a means to enhance NO production. This strategy has been 
shown to work effectively in young healthy individuals with functional endothelium 
or in older patients with high levels of asymmetric dimethyl l-arginine (ADMA) 
where the supplemental l-arginine can outcompete this natural inhibitor of NO 
production. Patients with endothelial dysfunction, however, by definition, are unable 
to convert l-arginine to NO and, therefore, this strategy has failed in clinical trials. 
In fact, concerning l-arginine therapy in acute myocardial infarction, the Vascular 
Interaction with Age in Myocardial Infarction (VINTAGE MI) randomized clinical 
trial published in the JAMA in 2006, concluded that l-arginine, when added to 
standard postinfarction therapies, did not improve vascular stiffness measurements 
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or ejection fraction and was associated with higher postinfarction mortality [3]. 
l-Arginine should, therefore, not be recommended following acute myocardial 
infarction (MI). However, there are also a number of studies showing benefit to 
patients taking l-arginine and just as many showing no benefit, no harm. Collectively, 
the literature suggests that strategies to enhance NO production through l-arginine 
supplementation are equivocal at best.

NOS and Nitrite: A Concert in NO Homeostasis

The nitrate–nitrite–nitric oxide pathway may be a redundant system for over-
coming the body’s inability to make NO from l-arginine. The emerging literature 
suggests this, and the information from Chap. 3 presents a strong case for such a 
hypothesis. It appears we have at least two systems for affecting NO production/
homeostasis. The first is through the classical l-arginine–NO pathway. As we know 
from Chap. 11, this is a complex and complicated pathway, and if any of the 
co-factors become limiting, then NO production from NOS shuts down, and in 
many cases NOS then produces superoxide instead. The enzymatic production of 
NO is, indeed, a very complex and coordinated effort that normally proceeds very 
efficiently. However, in disease characterized by oxidative stress where essential 
NOS cofactors become oxidized, NOS uncoupling, or conditions of hypoxia where 
oxygen is limiting, this process can no longer maintain NO production. Therefore, 
one can argue saliently that there has to be an alternate route for NO production. It 
is highly unlikely that Nature devised such a sophisticated mechanism of NO 
production as a sole source of a critical molecule.

This alternate route involves the provision of nitrate and nitrite reductively 
recycled to NO. Nitrite reduction to NO can occur in a much simpler mechanism 
than nitrate. The 1-electron reduction of nitrite can occur by ferrous heme proteins 
(or any redox active metal) through the following reaction:

(II) (III)
2NO Fe H NO Fe OH- + -+ + « + +

This is the same biologically active NO as that produced by NOS, with nitrite 
rather than l-arginine as the precursor, and is a relatively inefficient process [4]. 
Therefore, for this reaction to occur, the tissues or biological compartment must 
have a sufficient pool of stored nitrite. Since plasma nitrite is a direct measure of 
NOS activity [5], a compromised NOS system can also affect downstream nitrite 
production and metabolism, which can perhaps exacerbate any condition associ-
ated with decreased NO bioavailability. Replenishing nitrate and nitrite through 
dietary means may then act as a protective measure to compensate for insufficient 
NOS activity under conditions of hypoxia or in a number of conditions charac-
terized by NO insufficiency. It is very likely that exogenous nitrite contributes to 
whole-body NO production and homeostasis. Considerable published support for 
this theory derives from the following facts: NO produced from nitrite in the upper 
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intestine is up to 10,000 times the concentrations that occur in tissues from enzymatic 
synthesis [6]; nitrite can act as a circulating NO donor [7]; and nitrite can itself 
perform many actions previously attributable to NO [8] without the intermediacy 
of NO [9].

There are known strategies that will affect both pathways positively. Exercise has 
been shown to enhance endothelial production of l-arginine. Since the burden of 
exposure of nitrite and nitrate comes from the diet, eating a diet rich in green leafy 
vegetables or other NO

x
-rich foods can fuel the second pathway. We believe that 

both systems complement one another. When we are young and healthy, the 
endothelial production of NO through l-arginine is efficient and sufficient to produce 
NO; however, as we age we lose our ability to synthesize endothelial-derived NO. 
Taddei et al. [10] have shown that there is a gradual decline in endothelial function 
due to aging with greater than 50% loss in endothelial function in the oldest age 
group tested as measured by forearm blood flow assays. Egashira et al. [11] reported 
more dramatic findings in the coronary circulation of aging adults whereby there was 
a loss of 75% of endothelium-derived nitric oxide in 70–80 year old patients compared 
to young, healthy 20 year olds. Vita and colleagues [12] demonstrated that increasing 
age was one predictor of abnormal endothelium-dependent vasodilation in atheroscle-
rotic human epicardial coronary arteries. Gerhard et al. [13] concluded from their 
1996 study that age was the most significant predictor of endothelium-dependent 
vasodilator responses by multiple stepwise regression analysis. Collectively, these 
important findings illustrate that endothelium-dependent vasodilation in resistance 
vessels declines progressively with increasing age. This abnormality is present in 
healthy adults who have no other cardiovascular risk factors, such as diabetes, hyper-
tension, or hypercholesterolemia. Most of these studies found that impairment of 
endothelium-dependent vasodilation was clearly evident by the fourth decade. In 
contrast, endothelium-independent vasodilation does not change significantly with 
aging, demonstrating that the responsiveness to NO did not change, but only the 
ability to generate it did. These observations enable us to conclude that reduced 
availability of endothelium-derived nitric oxide occurs as we age, and to speculate 
that this abnormality may create an environment that is conducive to atherogenesis 
and other vascular disorders. It is that early event, the inability to produce sufficient 
NO under the right preclinical conditions, that enhances the risk for a number of 
diseases that plague the older population. If true, then there exists an opportunity to 
intervene early during this process, implement strategies to restore NO homeostasis, 
and, perhaps, delay or prevent the onset and progression of certain diseases. This 
gradual loss of NO activity with age can be sped up or slowed down based on indi-
vidual lifestyle and diet. This idea is illustrated in the hypothetical graphical repre-
sentation in Fig. 17.2. Adopting healthy habits such as a good diet and exercise can 
prolong the precipitous drop in NO production with age. To the contrary, a poor 
diet along with physical inactivity can accelerate the process and lead to a faster 
decline in NO production at a younger age. Therapeutic strategies directed at 
improving endothelial function or providing an alternative source of NO should be 
the primary focus because they may reduce the incidence of atherosclerosis or other 
diseases that occur with aging, even perhaps Alzheimer’s Disease.
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Exercise training has been shown, in many animal and human studies, to augment 
endothelial, NO-dependent vasodilatation in both large and small vessels (reviewed 
in [14, 15]); however, the response to exercise is diminished in patients with age-
dependent endothelial dysfunction [16, 17]. In fact, plasma nitrite has been shown 
to predict exercise capacity [18] and further demonstrates that endothelial produc-
tion of NO declines with age and increasing risk factor burden [19]. More recent 
data reveal that dietary supplementation with nitrate reduces oxygen costs of 
low-intensity exercise and enhances tolerance to high-intensity exercise [20–22]. 
This effect is due to an increase in plasma nitrite. These data support the notion that 
one can compensate through dietary nitrite and nitrate for the endothelial produc-
tion of NO during exercise. This dietary pathway may also extend beyond exercise. 
Dietary supplementation of nitrite and nitrate in animals has been shown to reverse 
endothelial dysfunction, suppress microvascular inflammation, and reduce levels of 
C-reactive protein in mice subjected to a high cholesterol diet [23] and to protect 
from ischemia reperfusion injury [24–26]. This proof-of-concept has now been 
extended to humans supplemented with dietary sources of nitrate. Dietary nitrate 
has also been shown to reduce blood pressure [27–29], inhibit platelet aggregation 
[29], and restore endothelial function [29] in humans. What is clearly emerging is 
that there are two pathways for NO production, one through endothelial production 
via the l-arginine pathway and one through dietary sources of nitrite, nitrate, and 
anti-oxidants. This overview is illustrated in Fig. 17.3. The l-arginine pathway 
becomes dysfunctional with age, and we, therefore, need a back up system to com-
pensate. Eating a diet rich in NO potential, i.e., sufficient nitrite and nitrate along 
with antioxidants to facilitate reduction to NO, can appear to overcome an insuffi-
ciency in endothelium-derived NO. This dietary pathway does not appear to be 
affected by age. However, overuse of antibiotics or antiseptic mouthwashes can 
affect this pathway by eliminating the commensal bacteria that are essential for the 
first step of nitrate reduction to nitrite. Furthermore, use of proton pump inhibitors 
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can decrease the acid secretion in the stomach, thereby affecting the acidic dispro-
portionation of nitrite to NO. This dietary pathway is reliant upon recognizing 
foods that are rich in NO potential. The inherent NO bioactivity of certain foods or 
diets is a delicate balance between nitrite and nitrate content as well as antioxidant 
capacity to facilitate reduction to NO and to inhibit any unwanted nitrosation reac-
tions. Antioxidant status can be generically estimated by the Oxygen Radical 
Absorbance Capacity (ORAC) score. An antioxidant’s strength reflects its ability to 
eliminate oxygen free radicals to prevent scavenging of nitric oxide as well as pro-
vide the reductive capacity to activate dietary nitrate and nitrite to NO. Foods with 
a high ORAC score are thought to protect cells and their components from oxida-
tive damage. The ORAC score combined with the inherent nitrite and nitrate con-
tent of certain foods may provide a novel scoring system for NO potential or NO 
index. The Bryan lab has created a nitric oxide index below by applying an algo-
rithm considering the nitrite/nitrate concentrations of foods as well as their reported 
ORAC values. We define the NO index below:

[(Nitrite nitrate(mg/100g) ORAC( mol/100g))] / 1, 000 Nitric Oxide Index+ ´ m =

Similar to the glycemic index for diabetics, the nitric oxide index may be a useful 
tool for people with vascular disease or any conditions associated with NO insuf-
ficiency. A list of the NO index of select foods is included in Table 17.1. We suspect 
the context of a Nitric Oxide Index whereby nitrite and nitrate along with antioxi-
dants will help define the health benefits of certain foods or diets.

Although dietary nitrite and nitrate have been shown to replenish blood and 
tissue stores of NO, it is still not clear how this pathway is regulated or controlled. 
The production of NO through the NOS enzymes is a precise, spatially, and tempo-
rally regulated, controlled event that generates NO in a local environment upon 
need or specific stimulus. Gladwin and colleagues have proposed that nitrite reduction 

Fig. 17.3 The two pathways for NO production; one from the reduction of the nitrate and nitrite 
from the foods we eat and the other from the oxidation of l-arginine
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Table 17.1 Nitric Oxide Index of select foods

Nitrite + nitrate 
(mg/100 g) ORAC (mmol/100 g) Nitric Oxide Index

High
Rocket 612 2,373 1,452
Chicory 625 1,500 938
Wild radish 465 1,750 814
Bok choy 310 2,500 775
Beets 174 3,632 632
Spinach 388 1,515 588
Chinese cabbage 161 3,100 499
Lettuce 268 1,447 388
Cabbage 125 2,496 312
Mustard greens 116 1,946 226
Cauliflower, raw 202 829 167
Parsely 115 1,301 150
Kohlrabi 177 769 136
Carrot 190 666 127
Broccoli 39.5 3,083 122

Medium
Cole slaw 55.9 1,500 84
Asparagus 50 1,644 82
Celery 160 497 80
Watercress 33 2,200 73
Artichoke 9.6 6,552 63
Eggplant 42 933 39
Strawberry 9.4 3,577 34
Potato 20 1,300 26
Garlic 3.4 5,708 19
Tomato 39.2 367 14
Vegetable soup 20.9 500 10
Cereal 4.9 2,000 10
Melons 68 142 10

Low
String beans 30 300 9
Cured, dried sausage 

(uncooked)
78.8 100 8

Figs 2 3,383 7
Prunes 1 5,770 6
Sweet potato, raw, uncooked 5.4 902 5
Blackberries 1 5,347 5
Raspberries 1 4,882 5
Raisins 1.2 3,037 4
Banana 4.5 879 4
Cherries 1 3,365 3
Cucumber 14 214 3
Onions 3.2 1,034 3
Bean sprouts 1 1,510 2

(continued)
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to NO is allosterically linked to oxygen saturation of hemoglobin [30, 31], thereby 
providing a sensing mechanism for production of NO from nitrite during hypoxic 
vasodilation. Myoglobin has also been implicated in serving such a function in the 
heart [32]. More work is needed to determine if nitrite alone is sufficient and neces-
sary to elicit specific cellular events as has been well described for NO. Although 
it may be argued that nitrite is simply a storage pool that can be reduced to NO 
under appropriate conditions, we consider this an unlikely role for nitrite in normal 
physiology, i.e., the normoxic and neutral pH conditions under which nitrite is 
stable. Alternatively, nitrite acts as an important molecule in its own right, but has 
regulatory effects on the NO pathway. It may be that both hypoxic reduction of 
nitrite to NO and normoxic metabolism of nitrite represent an advantageous oxy-
gen-sensing system, which is a vestige of denitrifying microorganisms that existed 
long before the advent of aerobic respiration and the emergence of an NO synthase 
system [33]. The fact that both systems still exist today highlight the importance of 
nitrite in all cellular processes throughout the entire physiological oxygen gradient 
[8]. More research is needed in order to completely delineate the precise and regu-
lated cell-signaling aspects of nitrite, both from endogenous sources as well as from 
dietary sources.

The role of diet in the prevention and control of morbidity and premature mortality 
due to non-communicable diseases has been well established by vast population-
based epidemiological studies carried out during the last decade [34]. 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 

Table 17.1 (continued)

Nitrite + nitrate 
(mg/100 g) ORAC (mmol/100 g) Nitric Oxide Index

Hot dog 9 100 1
Kiwi 1 882 1
Cucumber 9.3 100 1
Bacon 5.5 100 1
Apricot 1 1,115 1
Papaya 1 500 1
Chickpeas 1 847 1
Bacon, nitrite-free 3 100 0
French fries 2 150 0
Juices mg/100 ml
Beet root 279 1,727 482
Vegetables juice 20 548 11
Carrot 6.8 195 1
Pomegranate 1.3 2,681 3
Cranberry 1 0
Red wine 1 3,000 3
Green tea 0.02 1,253 0
Acai 0.06 1,767 0
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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, and 
peripheral vascular disease. Therefore, developing strategies and new technologies 
designed to restore NO availability is essential for inhibiting the progression of 
certain common chronic diseases. The provision of dietary nitrate and nitrite may 
allow for such a strategy. The information presented throughout this text illustrates 
that the beneficial effects of nitrite and nitrate are seen at doses and levels that are 
easily achievable by eating certain foods enriched in nitrite and nitrate, particularly 
green leafy vegetables. The fact that exposure to nitrite and nitrate from certain 
foods or diets exceeds the World Health Organizations limit for acceptable daily 
intake (ADI) calls into question the current regulatory limits.

Hord and Bryan have shown that people following the Dietary Approaches to 
Stop Hypertension (DASH) diet exceed the ADI for nitrate by greater than 500% 
[35], and infants consuming human breast milk and some formulas can  
also exceed the regulatory limits [36]. The DASH diet was developed by the  
US National Institutes of Health to lower blood pressure without medication. The 
DASH diet is based on the research studies and has been proven to lower blood 
pressure, reduce cholesterol, and improve insulin sensitivity [37]. The DASH diet 
provides more than just the traditional low-salt or low-sodium diet plans to help 
lower blood pressure. It is based on an eating plan proven to lower blood pressure, 
a plan rich in fruits, vegetables, and low-fat or nonfat dairy. DASH diet is recom-
mended by The National Heart, Lung, and Blood Institute (one of the National 
Institutes of Health of the US Department of Health and Human Services), The 
American Heart Association, The Dietary Guidelines for Americans, and US 
guidelines for treatment of high blood pressure, and the DASH diet formed the 
basis for the USDA MyPyramid. So how can such a diet exceed regulatory limits 
for the molecule that may be responsible for its blood-pressure-lowering effects? 
The same argument can be made for breast milk [36]. Human breast milk is rec-
ommended to serve as the exclusive food for the first 6 months of life and to 
continue, along with safe, nutritious complementary foods, for up to 2 years [38, 39]. 
Breast milk is nature’s most perfect food. In fact, the US Centers for Disease 
Controls in 2010 acknowledged, “Breast milk is widely acknowledged as the most 
complete form of nutrition for infants, with a range of benefits for infants’ health, 
growth, immunity, and development.” Breast milk is a unique nutritional source 
for infants that cannot adequately be replaced by any other food, including infant 
formula. It remains superior to infant formula from the perspective of the overall 
health of both mother and child. Human milk is known to confer significant nutri-
tional and immunological benefits for the infant [40–42], and yet, human breast 
milk and colostrum is enriched in nitrite and nitrate [36, 43–45]. It may be time to 
reconsider new regulatory guidelines for dietary sources of nitrite and nitrate given 
the last decade of research showing remarkable health benefits at levels that do not 
pose any significant risk.

We hope this work on nitrite and nitrate in human health and disease will 
provide the reader with a comprehensive body of knowledge on these molecules. 
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The last 20 years of research has drastically altered the landscape of how we think 
about nitrite and nitrate. The discovery of the nitric oxide pathway revealed 
that these two anions are naturally produced within our bodies and are not simply 
synthetic food additives. Prior to this discovery, much of the scientific research 
focused on the toxic properties due to exposure in both industrial settings and from 
cured and processed foods. Surprisingly, the context for nitrite and nitrate in human 
health and disease has not been adequately addressed since. We are pleased to be 
able to communicate this information for the Nutrition Series. Nutrition can 
play a key and cost-effective role in decreasing the risks of different chronic 
diseases. Identifying the key components of nutrition that may be responsible 
for these effects will help in refining dietary guidelines and designing optimal 
preventive nutrition regimens for specific disease. Future clinical studies will 
determine if nitrite and nitrate can provide a nutritional approach to prevention and/
or treatment of specific diseases and if such positive effects will outweigh any 
negative health effects traditionally attributed to these anions. The ground is now 
fertile for such studies.
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Dr. Adrianne Bendich has recently retired as Director of Medical Affairs at 
GlaxoSmithKline (GSK) Consumer Healthcare where she was responsible for lead-
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including TUMS and Os-Cal. Dr. Bendich had primary responsibility for GSK’s 
support for the Women’s Health Initiative (WHI) intervention study. Prior to joining 
GSK, Dr. Bendich was at Roche Vitamins Inc. and was involved with the ground-
breaking clinical studies showing that folic acid-containing multivitamins signifi-
cantly reduced major classes of birth defects. Dr. Bendich has co-authored over 100 
major clinical research studies in the area of preventive nutrition. Dr Bendich is 
recognized as a leading authority on antioxidants, nutrition and immunity and preg-
nancy outcomes, vitamin safety and the cost-effectiveness of vitamin/mineral 
supplementation. 

Dr. Bendich, who is now President of Consultants in Consumer Healthcare LLC, is 
the editor of ten books including “Preventive Nutrition: The Comprehensive 
Guide For Health Professionals, Fourth Edition” co-edited with Dr. Richard 
Deckelbaum, and is Series Editor of “Nutrition and Health” for Springer/
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Humana Press (www.springer.com/series/7659). The Series contains 40 published 
volumes - major new editions in 2010 -2011 include Vitamin D, Second Edition 
edited by Dr. Michael Holick; “Dietary Components and Immune Function” 
edited by Dr. Ronald Ross Watson, Dr. Sherma Zibadi and Dr. Victor R. Preedy; 
“Bioactive Compounds and Cancer” edited by Dr. John A. Milner and Dr. Donato 
F. Romagnolo; “Modern Dietary Fat Intakes in Disease Promotion” edited by 
Dr. Fabien DeMeester, Dr. Sherma Zibadi, and Dr. Ronald Ross Watson; “Iron 
Deficiency and Overload” edited by Dr. Shlomo Yehuda and Dr. David Mostofsky; 
“Nutrition Guide for Physicians” edited by Dr. Edward Wilson, Dr. George A. 
Bray, Dr. Norman Temple and Dr. Mary Struble; “Nutrition and Metabolism” 
edited by Dr. Christos Mantzoros and “Fluid and Electrolytes in Pediatrics” 
edited by Leonard Feld and Dr. Frederick Kaskel. Recent volumes include: 
“Handbook of Drug-Nutrient Interactions” edited by Dr. Joseph Boullata and 
Dr. Vincent Armenti; “Probiotics in Pediatric Medicine” edited by Dr. Sonia 
Michail and Dr. Philip Sherman; “Handbook of Nutrition and Pregnancy” edited 
by Dr. Carol Lammi-Keefe, Dr. Sarah Couch and Dr. Elliot Philipson; “Nutrition 
and Rheumatic Disease” edited by Dr. Laura Coleman; “Nutrition and Kidney 
Disease” edited by Dr. Laura Byham-Grey, Dr. Jerrilynn Burrowes and Dr. Glenn 
Chertow; “Nutrition and Health in Developing Countries” edited by Dr. Richard 
Semba and Dr. Martin Bloem; “Calcium in Human Health” edited by Dr. Robert 
Heaney and Dr. Connie Weaver and “Nutrition and Bone Health” edited by Dr. 
Michael Holick and Dr. Bess Dawson-Hughes. 

Dr. Bendich served as Associate Editor for “Nutrition” the International Journal; 
served on the Editorial Board of the Journal of Women’s Health and Gender-based 
Medicine, and was a member of the Board of Directors of the American College of 
Nutrition. 

Dr. Bendich was the recipient of the Roche Research Award, is a Tribute to Women 
and Industry Awardee and was a recipient of the Burroughs Wellcome Visiting 
Professorship in Basic Medical Sciences, 2000-2001. In 2008, Dr. Bendich was 
given the Council for Responsible Nutrition (CRN) Apple Award in recognition of 
her many contributions to the scientific understanding of dietary supplements. Dr 
Bendich holds academic appointments as Adjunct Professor in the Department of 
Preventive Medicine and Community Health at UMDNJ and has an adjunct 
appointment at the Institute of Nutrition, Columbia University P&S, and is an 
Adjunct Research Professor, Rutgers University, Newark Campus. She is listed in 
Who’s Who in American Women.
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Dr. Nathan S. Bryan is an Assistant Professor of Molecular Medicine within the 
Brown Foundation Institute of Molecular Medicine, part of the School of Medicine 
at the University of Texas Health Science Center at Houston. He is also on faculty 
within the Department of Integrative Biology and Pharmacology and Graduate 
School of Biomedical Sciences at the UT Houston Medical School. Dr. Bryan 
earned his undergraduate Bachelor of Science degree in Biochemistry from the 
University of Texas at Austin and his doctoral degree from Louisiana State 
University School of Medicine in Shreveport where he was the recipient of the 
Dean’s Award for Excellence in Research. He pursued his post-doctoral training as 
a Kirschstein Fellow at Boston University School of Medicine in the Whitaker 
Cardiovascular Institute. Dr. Bryan joined the Institute of Molecular Medicine, 
University of Texas Health Science Center in Houston, in June 2006 with his primary 
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appointment within the Texas Therapeutics Institute. In 2007, he was recognized as 
one of the University’s Most Accomplished Young Investigators. He is an active 
member of the Nitric Oxide Society, Society for Free Radical Biology and Medicine 
and the American Heart Association.

Dr. Bryan’s research is dedicated to providing a better understanding of the interactions 
of nitric oxide and related metabolites with their different biological targets at the 
molecular and cellular level and the significance of these reactions for physiology 
and pathophysiology. Attempts are made to identify what particular changes in 
NO-related signaling pathways and reaction products occur in disease states such 
as endothelial dysfunction, ischemia/reperfusion, tissue/cardiac protection, diabe-
tes, atherosclerosis and inflammation with the aim of testing their amenability as 
biomarkers for diagnosis and/or treatment of specific disease. Current research is 
directed to understand the interactions of exogenous dietary nitrite/nitrate (NOx) on 
the endogenous NO/cGMP pathway and how perturbations in each system affect 
cardiovascular health.  Dr. Bryan and colleagues recently discovered that nitrite is 
a biologically active molecule which was previously thought to be an inert break-
down product of NO production.  These findings have unveiled many beneficial 
effects of nitrite in the treatment and prevention of human disease. These discover-
ies may provide the basis for new preventive or therapeutic strategies in diseases 
associated with NO insufficiency and new guidelines for optimal health. Dr. Bryan 
has published a number of highly cited papers and authored or edited 4 books.



305

Dr. Joseph Loscalzo is Hersey Professor of the Theory and Practice of Medicine 
at Harvard Medical School, and Chairman of the Department of Medicine, and 
Physician-in-Chief at Brigham and Women’s Hospital. Dr. Loscalzo received his 
A.B. degree, summa cum laude, his Ph.D. in biochemistry, and his M.D. from the 
University of Pennsylvania. His clinical training was completed at Brigham and 
Women’s Hospital and Harvard Medical School, where he served as Resident and 
Chief Resident in medicine and Fellow in cardiovascular medicine.

After completing his training, Dr. Loscalzo joined the Harvard faculty and staff 
at Brigham and Women’s Hospital in 1984. He rose to the rank of Associate 
Professor of Medicine, Chief of Cardiology at the West Roxbury Veterans 
Administration Medical Center, and Director of the Center for Research in 
Thrombolysis at Brigham and Women’s Hospital. He joined the faculty of Boston 
University in 1994, first as Chief of Cardiology and, in 1997, Wade Professor and 
Chair of Medicine, Professor of Biochemistry, and Director of the Whitaker 
Cardiovascular Institute. He returned to Harvard and Brigham and Women’s 
Hospital and Harvard Medical School in 2005. 

Dr. Loscalzo is recognized as an outstanding cardiovascular scientist, clinician, and 
teacher. He has received many awards, including the Clinician-Scientist Award, the 
Distinguished Scientist Award, the Research Achievement Award, and the Paul 
Dudley White Award from the American Heart Association; a Research Career 
Development Award, a Specialized Center of Research in Ischemic Heart Disease 
Award, and a MERIT Award from the National Institutes of Health; the George W. 
Thorn Award for Excellence in Teaching at Brigham and Women’s Hospital, and 
Educator of the Year Award in Clinical Medicine from Boston University; the 
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Glaxo Cardiovascular Research Award, and the Outstanding Investigator Prize 
from the International Society for Heart Research; and election to the American 
Society for Clinical Investigation, the Association of American Physicians, and the 
Institute of Medicine of the National Academy of Sciences. He has served on sev-
eral NIH study sections and editorial boards, and has chaired the Gordon Conference 
on Thrombolysis. He served as an associate editor of the New England Journal of 
Medicine for nine years, Chair of the Cardiovascular Board of the American Board 
of Internal Medicine, Chair of the Research Committee of the American Heart 
Association, Chair of the Scientific Board of the Stanley J. Sarnoff Society of 
Fellows for Research in the Cardiovascular Sciences, and Chair of the Board of 
Scientific Counselors of the National Heart, Lung, and Blood Institute of the 
National Institutes of Health. He is currently Editor-in-Chief of Circulation, a 
senior editor of Harrison’s Principles of Internal Medicine, a recent member of the 
Advisory Council of the National Heart, Lung, and Blood Institute, and a recent 
member of the Council of Councils of the National Institutes of Health.

Dr. Loscalzo has been a visiting professor at many institutions, holds two honorary 
degrees, has authored or co-authored more than 600 scientific publications, has 
authored or edited 27 books, and holds 31 patents for his work in the field of nitric 
oxide. He is also the recipient of many grants from the NIH and industry for his 
work in the areas of vascular biology, thrombosis, and atherosclerosis over the past 
twenty-five years.
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