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Nitrate is a natural constituent of the human diet and an approved food additive. It can be
partially converted to nitrogen monoxide, which induces vasodilation and thereby decreases
blood pressure. This effect is associated with a reduced risk regarding cardiovascular disease,
myocardial infarction, and stroke. Moreover, dietary nitrate has been associated with beneficial
effects in patients with gastric ulcer, renal failure, or metabolic syndrome. Recent studies
indicate that such beneficial health effects due to dietary nitrate may be achievable at intake
levels resulting from the daily consumption of nitrate-rich vegetables. N-nitroso compounds
are endogenously formed in humans. However, their relevance for human health has not
been adequately explored up to now. Nitrate and nitrite are per se not carcinogenic, but under
conditions that result in endogenous nitrosation, it cannot be excluded that ingested nitrate and
nitrite may lead to an increased cancer risk and may probably be carcinogenic to humans. In
this review, the known beneficial and detrimental health effects related to dietary nitrate/nitrite
intake are described and the identified gaps in knowledge as well as the research needs required
to perform a reliable benefit/risk assessment in terms of long-term human health consequences
due to dietary nitrate/nitrite intake are presented.
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1 Introduction

The Senate Commission on Food Safety (SKLM) of the
German Research Foundation (DFG) has repeatedly ad-
dressed the potential health risks due to nitrosamines, nitrate,
and nitrite in connection with endogenous nitrosation reac-
tions. In this context, gaps in knowledge and research needs
were last summarized by the SKLM in 1994 [1]. In view of
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the controversial discussion concerning potential detrimental
versus beneficial health effects related to dietary nitrate and
nitrite intake, the SKLM organized a round table meeting on
“Nitrate and nitrite in the diet, benefit/risk for human health”
with experts from The Netherlands, Sweden, UK, USA, and
Germany in Bonn, Germany, on November 27, 2012. Fol-
lowing its mandate for the evaluation and advice concerning
the effects of food and food constituents on human health,
the SKLM reviewed the evidence regarding the beneficial and
detrimental health effects related to dietary nitrate/nitrite in-
take, identified gaps in knowledge, and highlighted research
needs to perform a reliable benefit/risk assessment in terms
of long-term human health consequences due to dietary ni-
trate/nitrite intake. This information is now presented in
form of a review, and extended abstracts of the presenta-
tions given at the above-mentioned meeting are available as
electronic Supporting information to this review.

An increased consumption of vegetables is widely rec-
ommended because of their generally recognized benefi-
cial health effects. In 2007, the World Cancer Research
Fund/American Institute for Cancer Research (WCRF/
AICR) rated the evidence as “convincing to probable” that
diets high in vegetables and/or fruits protect against cancers
of the mouth and pharynx, esophagus, lung, stomach, colon
and rectum, larynx, pancreas, breast, and bladder [2]. It is not
clear at present whether such beneficial health effects asso-
ciated with high vegetable intake become evident because or
in spite of a concomitantly high exposure to dietary nitrate.
Recent evidence from experimental and human intervention
studies as well as epidemiological observations suggest ben-
eficial health effects including, for instance, effects on blood
pressure, myocardial infarction, or stroke associated with en-
hanced dietary nitrate intake [3–7]. However, nitrate from
exogenous sources has also given rise to health concerns be-
cause of the potential endogenous formation of N-nitroso
compounds (NOC). It should be mentioned that exposure to
nitrate or nitrite may also be associated with the formation of
methemoglobin in blood, the so-called methemoglobinemia,
an adverse health effect especially in infants [8]. However,
methemoglobinemia will not be considered in the present
review.

1.1 Exposure and former risk assessment of nitrate

and nitrite

Nitrate is a naturally occurring or chemically synthesized
compound that forms part of the nitrogen cycle. It is a natu-
ral constituent as well as an approved food additive. In gen-
eral, uptake of nitrate from exogenous sources in humans
predominantly results from the consumption of nitrate-rich
foods. In addition to dietary uptake, endogenous nitrogen
monoxide (NO) formation from arginine is considered to be
another major contributor to the overall internal exposure of
humans to NO, nitrite, nitrate, and several nitrosyl intermedi-
ates. A major part of dietary nitrate exposure (about 50–70%)

is due to the consumption of vegetables, thereby reflecting
their often substantial nitrate contents [9]. In view of the large
variation in the median concentrations of nitrate in different
vegetables (e.g., from 1 mg/kg in peas and Brussels sprouts
to 4800 mg/kg in rocket (Eruca sativa and Diplotaxis tenuifo-
lia)), the European Food Safety Authority (EFSA) considered
different scenarios for nitrate exposure estimations, assess-
ing for adults a mean dietary nitrate uptake of 157 mg/day,
equivalent to 2.6 mg/kg body weight (b.w.)/day based on a
b.w. of 60 kg [9]. An acceptable daily intake (ADI) for nitrate
was deduced by the Scientific Committee on Food (SCF) in
1990 [10] and confirmed in 1995 [11]. The no observed effect
level of 370 mg nitrate/kg b.w./day was derived from long-
term studies in rats and a subchronic toxicity study in dogs.
Applying an uncertainty factor of 100 an ADI of 222 mg/day
(0–3.7 mg/kg b.w./day) for nitrate was calculated. The ADI
was confirmed by the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) in 2002 [12]. The CONTAM Panel of
EFSA concluded that in the absence of significant new toxico-
logical and toxicokinetic data, there was no need to reconsider
this ADI [9]. In its nitrate uptake assessment, the CONTAM
panel of EFSA also noted that (i) individual consumption
habits appear to be of great importance; (ii) the nitrate uptake
of people consuming high amounts of nitrate-rich vegetables
such as lettuce, spinach, rocket, beets, and radish may be con-
siderably higher than the mean value and may thereby exceed
the current ADI.

Nitrite is formed naturally at rather low steady-state con-
centrations in the nitrogen cycle by nitrogen fixation and is
subsequently converted to nitrate, a major nutrient assim-
ilated by plants. Consumer exposure to nitrite results as a
consequence of its use as a food preservative and, to a lesser
extent, from its presence in certain vegetables [9]. Assuming
a mean nitrite concentration of 0.5 mg/kg for all vegetables,
as reported in the United Kingdom’s 1997 Total Diet Study,
a recommended consumption of 400 g vegetables per day
would result in a dietary exposure of 0.2–0.8 mg nitrite/day,
equivalent to 3–13 �g/kg b.w./day based on a b.w. of 60 kg
[9]. A further publication by EFSA on nitrite in meat prod-
ucts reported mean dietary exposure levels of adults to nitrite
in the range of 0.04–0.23 mg/kg b.w./day (by combining na-
tionwide data on food consumption with the maximum per-
mitted usage levels for the additive). Based on the reported
average nitrite levels, a consumer exposure of 5–30 �g/kg
b.w./day was estimated [13]. In 2002, JECFA set an ADI of
0–0.07 mg/kg b.w. for nitrite, based on its heart and lung
toxicity in a long-term study of the U.S. National Toxicology
Program (NTP) in rats and a safety factor of 100 [14].

2 Metabolic fate and turnover of NO,
nitrite, and nitrate in the organism

In the organism, nitrate and nitrite may function as an alter-
native source for NO, an important and multifaceted physio-
logical signaling molecule, normally generated from arginine
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Figure 1. Metabolic fate of nitrate, ni-
trite, and NO.

by NO synthases (NOS; see below). Although NO is rather
short-lived, it may react under oxidative conditions, i.e., in
the presence of oxygen and/or reactive oxygen species, to
give rise to nitrite, nitrate as well as nitrosyl peroxide and/or
corresponding radical/ionic intermediates contributing to ox-
idative/nitrosative damage. These NO-derived species may
lead to an array of reaction products under cellular or in vivo
conditions, including N-, S-, and O-nitroso compounds as
well as nitro derivatives of amino acids, peptides, proteins,
and DNA bases [15–20]. The biological activities of such NO-
related secondary products have not been fully explored up
to now. They may include pharmacological effects, e.g., on
blood vessels and blood pressure, the induction of oxidative
stress/inflammation and ultimately the endogenous forma-
tion of NOC.

Nitrate biosynthesis in humans was first described
more than 35 years ago [21, 22]. Early on, nitrite and ni-
trate, whether endogenously synthesized or taken up from
exogenous sources, were taken into consideration as an alter-
native source for endogenous NO [23–28]. NO can be endoge-
nously oxidized to nitrate and nitrite [28–30] and the latter can
in part undergo reduction and cycling back to bioactive NO in
blood and tissues before terminal excretion, e.g., as urinary
nitrate [31] (Fig. 1). The biological messenger NO is com-
monly generated by oxygen-dependent NOS from L-arginine
[28,32]. The NOS family comprises inducible NOS as well as
constitutive NOS, like endothelial (eNOS) and neuronal NOS
[33].

Inflammation has been found to influence the metabolism
of nitrate and nitrite. Infections induced by bacteria, parasites,
or viruses as well as inflammatory diseases such as gastritis,
hepatitis, and colitis have been recognized as risk factors for
human cancers of the stomach, liver, and colorectum, re-
spectively. Such inflammatory conditions have been shown
to favor the enhanced biosynthesis of NO, nitrite, and nitrate
[34, 35]. The Griess nitrite test, which is used to determine
nitrite in urine, has a long history as diagnostic tool for the
recognition of urinary tract infections [36]. An increase in
blood nitrate was also shown to occur in lipopolysaccharide-
treated mice or mice infected with Mycobacterium bovis and
was reported to result from enhanced NO/nitrate biosynthe-
sis via T-lymphocyte-mediated activation of macrophages [37].
It has been shown that inflammation in many tissues is ac-

companied by an upregulation of inducible NOS that is capa-
ble of producing NO in excess for a prolonged period of time
[38, 39].

An increased endogenous formation of NOC has been
shown to occur in humans infected with the Southeast
Asian liver fluke (Opisthorchis viverrini) [40] and later con-
firmed experimentally in a study with hamsters [34]. N-
nitrosothiazolidine 4-carboxylic acid was measured as a
marker of endogenous nitrosation in the urine of ham-
sters, nitrosoproline (NPRO (N-nitroso products of 3-
hydroxyproline and proline)) in humans. The infection of
the bile ducts with the trematode enhances the risk of devel-
oping cholangiocellular carcinomas in humans [41]. Further
examples are the urinary and the intestinal schistosomiasis,
also known as bilharzia, caused by Schistosoma haematobium
and Schistosoma mansoni, respectively. Infection with these
trematodes is a risk factor for bladder and intestinal cancer
[42], and in the urine of infected humans elevated concentra-
tions of NOC were measured by gas chromatography [43–45].
Nitrite concentrations in the gastric fluid have been shown to
be (directly) correlated with intragastric pH. Under conditions
of insufficient production of gastric acid (hypo- or achlorhy-
dria) bacterial contamination of gastric juice is common, and
nitrate-reducing microorganisms are regularly found. Thus,
formation of NOC under microbial catalysis in human gastric
juice, urine, or by microorganisms from saliva samples has
been shown [46–52]. Evidence has been accumulating that
NO-derived reactive nitrogen species possess pathogenic po-
tential, and it has been proposed that DNA and tissue damage
induced by these reactive species may contribute to increased
mutation rates, genome instability, apoptosis, and associated
tissue regeneration, encompassing a proliferative response
of cells [53–55]. Enhanced formation of 8-nitroguanosine and
3-nitrotyrosine has also been observed during microbial infec-
tion, and these compounds may be used as potential biomark-
ers for “nitrative stress” [53, 55].

Dietary nitrate is rapidly absorbed in the upper gastroin-
testinal tract and distributed via the blood circulation. It
reaches the salivary glands and is actively transported from
blood into saliva. The salivary nitrate level may be up to 20
times higher than the plasma level [48, 49, 56, 157]. The pro-
tein sialin has been proposed to play a role in nitrate trans-
port [58]. In the oral cavity salivary nitrate can be reduced
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to nitrite, predominantly by commensal bacteria [59]. The
secreted nitrate as well as the nitrite generated in the oral
cavity are swallowed, thereby reentering the gastrointestinal
tract. Approximately 25% of nitrate originally ingested is se-
creted through the salivary glands, 6–7% of the total nitrate
being converted to nitrite in the oral cavity during enterosali-
vary circulation [56,60]. To some extent, saliva-derived nitrite
may also contribute to NO formation under acidic conditions
in the stomach. Exhalation of NO in the breathing air has been
taken as an indication for such an intragastric NO formation
from nitrite [61, 62]. The released NO has been discussed to
be potentially beneficial due to antimicrobial effects, notably
against Helicobacter pylori [63, 64]. However, it has also been
reported that H. pylori exhibits a strong resistance against NO
[65]. It has been proposed that this effect may be due to the
low affinity of cytochrome c oxidase for this radical within the
membrane/lipid bilayers of H. pylori [65] or to an unprece-
dented nitric oxide detoxifying system [66]. Some nitrite may
survive gastric passage and enter the systemic circulation. Ni-
trite levels in plasma appear to be directly correlated to the
intake of nitrate [23, 67, 68].

The nitrate–nitrite–NO pathway is believed to affect NO
homeostasis. This may be relevant under circumstances
when oxygen-dependent NOS become dysfunctional [68–71].
In blood and tissues, NO can be generated independently
from NOS by a variety of enzymes and proteins acting as ni-
trite reductases, including, among others, flavoproteins and
cytochrome P450 (CYP 450), deoxygenated hemoglobin, myo-
globin, xanthine oxidase, and mitochondrial respiratory chain
enzymes [24, 26, 69, 72–77].

3 Potential beneficial health effects of
nitric oxide, nitrate, and nitrite

3.1 Physiological effects of NO

Since the discovery of endogenous NO formation, it became
clear that NO is a pleiotropic signaling molecule relevant for
a number of NO-mediated physiological effects. The radical
NO easily diffuses across cell membranes and is capable of
interacting with various receptor proteins. A key NO-related
event is the coupling of a nitroso moiety from NO-derived
metabolites to a reactive cysteine leading to the formation of S-
nitrosothiols. Such NO-induced S-nitrosation processes take
part in a multitude of signaling events in the cell, influencing
many physiological functions. These comprise, among oth-
ers, the regulation of blood pressure [78,79] and blood flow by
mediating vasodilation [80], the maintenance of blood vessel
tonus [81], the inhibition of platelet adhesion and aggrega-
tion [82, 83], and neurotransmission [84–86]. Likewise, mod-
ulation of mitochondrial function and energetics by reactive
NOs [87], modulation of the immune system, the endocrine
system, and retina function [88–91] have been reported. In ad-
dition, the role of NO-related effects in liver regeneration [92],
heart development [93], and diseases like cochlear function

and hearing diseases [94], cluster headache [95], and cystic
fibrosis [96] are under investigation.

NO also has been shown to induce apoptosis in
macrophages and endothelial cells [97, 98]. A potential role
of NO in carcinogenesis and tumor progression is largely
unexplored. Depending on the concentration of NO and the
tumor microenvironment, divergent effects may be expected
[99, 100]. High cellular activity of NOS appears to be associ-
ated with cytostatic or cytotoxic effects on tumor cells [101]. In
vitro studies with human cancer cells point to an inhibitory
effect of nitrite on cancer cell replication mediated by NO
[102].

Based on the observation that nitrate and/or nitrite can
contribute to endogenous NO formation, dietary uptake of
these compounds has been associated with NO-like physio-
logical effects in humans and other mammals. For instance,
this applies to blood pressure, vascular control, and vasodila-
tion [27, 103–109]. Furthermore, protection against ischemia
reperfusion injury in brain, heart, liver, and kidney [110–113],
improvement of revascularization in chronic ischemia [114],
decreasing leukocyte recruitment in microvascular inflam-
mation [115], mobilization of angiogenic cells [116] as well
as antiplatelet and antiaggregation effects in blood [117–119]
have been reported. Moreover, attenuation of oxidative stress
[120] as well as stimulation of mucosal blood flow and mucus
formation in the gastrointestinal tract [121, 122] have been
observed. This may contribute to the reported gastroprotec-
tive role of salivary nitrite, exemplified by studies indicating
increased gastric mucosal blood flow and mucus thickness in
rats.

In addition, dietary inorganic nitrate has been shown to al-
leviate features of the metabolic syndrome in eNOS-deficient
mice [123]. The metabolic syndrome is a combination of phys-
iological disorders that increase the risk of developing car-
diovascular diseases (CVDs) and type-2 diabetes. Decreased
synthesis of bioavailable NO by eNOS has been proposed to
represent a central event in the development of the metabolic
syndrome [124, 125].

3.2 Influence of nitrate and nitrite on the

cardiovascular system

Potential protective mechanisms related to CVDs include
vasodilation, inhibition of endothelial dysfunction, and in-
hibition of platelet aggregation. Endothelium-derived NO
is an important signaling agent in the regulation of blood
pressure [79]. NO-mediated regulation of vascular tone in-
volves increased cyclic guanosine monophosphate forma-
tion and subsequent relaxation of vascular smooth muscle
[78, 126].

It has been shown that relaxation of the rat aorta corre-
lated with NO generation from nitrite in vitro. This relax-
ation could be prevented by an inhibitor of the NO-sensitive
guanylyl cyclase, thereby confirming the involvement of the
NO-mediated signaling pathway [127]. Local forearm blood
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flow at rest und during exercise [106] was found to depend
on nitrite reduction to NO by deoxyhemoglobin [73]. Nitrite
in the vascular tissue has been proposed to function as a
NO reservoir, enabling the release of physiologically relevant
quantities of NO in cases of compromised NOS activity and
independently of NOS [128]. Accordingly, hypertension in
eNOS knockout mice was prevented by supplementation with
dietary nitrate [123]. Nitrite is considered to be a major NO
source under hypoxemic conditions, and under these condi-
tions deoxyhemoglobin and xanthine oxidoreductase (XOR)
may play a substantial role in NO formation in the blood
vessel wall and in erythrocytes [129]. In a clinical study with
a randomized double-blind crossover design, blood pressure
decreased in healthy volunteers after supplementation with
0.1 mmol nitrate/kg b.w. for 3 days [105]. According to the
authors, this would correspond to the consumption of about
150–250 g nitrate-rich vegetables such as spinach, lettuce, or
beetroot.

The enterosalivary circulation of nitrate and its reduc-
tion to nitrite by the microbiota of the oral cavity influ-
ence plasma concentrations of nitrate and nitrite. Antiseptic
mouthwash treatment was found to reduce the circulating
nitrite concentration [57] and to correlate with an increase
of systolic and diastolic blood pressure in rats and humans
[130, 131].

Nitrite may also become an important alternative source
for NO during ischemia and contribute to reducing myocar-
dial ischemia-reperfusion damage. Enzyme-independent ni-
trate and/or nitrite reduction to NO in the ischemic heart
influenced blood flow regulation and metabolic activity dur-
ing hypoxia/ischemia and was proposed to mediate postis-
chemic injury, depending on the duration of NO production
[132, 133].

Homogenized human and rat myocardium was found to
generate NO from nitrite under ischemic conditions. More-
over, reduction of infarct size in rat hearts in vitro via
nitrite reduction to NO depended on XOR activity [111].
Cytoprotective effects of sodium nitrite during in vivo is-
chemia reperfusion were confirmed in the heart and liver
of mice [134] and in the brain of rats [110]. The pro-
tective effects against ischemia/reperfusion injury in the
kidney were shown to depend on XOR activity in rats
[113]. In human studies, orally ingested nitrate was found
to protect against endothelial ischemia-reperfusion injury
[135, 136].

The role of nitric oxide and cyclic guanosine monophos-
phate in the inhibition of platelet adhesion to vascular en-
dothelium [82] was shown almost simultaneously with the
discovery of NO as the endothelium-derived relaxation factor
[81, 137, 138]. Ingestion of potassium nitrate was shown to
cause an increase in the formation of gastric S-nitrosothiols
and an inhibition of platelet aggregation in humans [119]. The
attenuation of platelet reactivity was found to be dependent
on erythrocytes and deoxygenation; nitrite alone at physio-
logical concentrations had no effect on platelet aggregation
in plasma [139].

3.3 Beneficial health effects of dietary nitrate from

foods

Consumption of fruits and vegetables, particularly of green
leafy vegetables, appears to protect against coronary heart
disease and ischemic stroke risk [140, 141]. In a study with
two prospective cohorts, increased fruit and vegetable con-
sumption was associated with modest benefits regarding the
progression of CVDs [142]. The high nitrate content of some
vegetables may explain some of the beneficial health effects
of this food group, including the protection against CVD and
type-2 diabetes [143, 144].

Beetroot juice, known to often contain high nitrate levels
[9], was found to exhibit blood pressure lowering and va-
soprotective effects [104]. The consumption of 250–500 mL
beetroot juice per day led to a decrease in systolic blood pres-
sure of 5.4–12 mmHg and to a decrease in diastolic blood
pressure of up to 10 mmHg. Mean nitrate concentrations
in the consumed beetroot juice were 22–45 mmol/L, corre-
sponding to an intake of 341–1395 mg nitrate/person/day or
5.7–23.3 mg nitrate/kg b.w./day (154–630% of the ADI value)
[145, 146]. Nitrate ingestion with beetroot juice was also re-
ported to prevent endothelial dysfunction subsequent to an
acute ischemic insult in the human forearm and to attenuate
ex vivo platelet aggregation. Disruption of the enterosalivary
circulation and interruption of the partial conversion of ni-
trate to nitrite (by spitting out all the saliva) blocked the de-
crease in blood pressure and abolished the inhibitory effects
on platelet aggregation, thereby confirming the pivotal role of
nitrite generated by the oral microbiota. In a meta-analysis of
16 studies (7–30 participants/study, duration 2 h to 14 days),
beetroot juice supplementation as well as nitrate ingestion
were associated with a significant reduction in systolic blood
pressure. The daily amount of inorganic nitrate (sodium or
potassium nitrate) consumed in these studies ranged from
2.5 to 24 mmol/dose, corresponding to 155–1488 mg nitrate
(70–672% of the ADI value), and the amounts of inorganic
nitrate in the consumed beetroot juice varied between 5.1 and
45 mmol/dose, corresponding to 316–2790 mg nitrate (142–
1260% of the ADI value) [147]. In a randomized crossover
trial, the effect of a 10-day period of consumption of Japanese
traditional diet on blood pressure in 25 healthy volunteers
was investigated. The authors reported that nitrate in the
traditional Japanese diet (18.8 mg/kg b.w./day) lowered dias-
tolic blood pressure in healthy volunteers on average by about
4.5 mmHg when compared to the control group, and this ef-
fect was suggested to explain in part the beneficial health ef-
fects of such foods [148]. Besides lowering the diastolic blood
pressure at rest and during cardiopulmonary exercise, the
consumption of 250–500 mL beetroot juice containing 5.1–
11.2 mmol nitrate, i.e., 316–694 mg nitrate/person/day (142–
310% of the ADI value) or 5.3–11.6 mg nitrate/kg b.w./day,
was reported to increase exercise tolerance in healthy hu-
mans [149–152] and is supposed to be due to a reduced
ATP turnover [153] or an increased mitochondrial efficiency
[154]. Moreover, in humans with peripheral arterial disease
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Figure 2. Structures of NOC.

characterized by intermittent disruption of blood and oxygen
supply, 500 mL beetroot juice containing 9.1 mmol nitrate,
i.e., 564 mg nitrate/person/day (254% of the ADI value) or
9.4 mg nitrate/kg b.w./day, significantly increased exercise
performance, most probably due to an NO-mediated increase
in tissue perfusion and oxygenation [155]. Thus, the reported
beneficial health effects encompass high nitrate intakes ex-
ceeding the ADI value of 222 mg/person/day several-fold (i.e.,
in part by a factor greater than 10).

A reduction in blood pressure was noted in healthy vol-
unteers after dietary supplementation with nitrate [146, 147],
an effect consistent with the formation of vasodilating NO.
In addition to vasodilation, mitochondrial function, leukocyte
adhesion, and platelet aggregation also seem to be positively
affected [109, 154].

Of note, randomized clinical intervention trials have in-
dicated a reduction in blood pressure of about 5 mmHg
to be significantly associated with decreased cardiovascular
morbidity and mortality [156, 157], whereas a comparable in-
crease was associated with the opposite effect [158].

4 Potentially detrimental health effects of
NOC

In addition to their carcinogenic effects, NOC have been
shown to exhibit mutagenic, teratogenic, and diabetogenic
properties in several animal species [159–163]. In humans,
the epidemiological evidence regarding the teratogenic effects
of NOC is conflicting [164–172]. It was first shown in rats
that oral administration of nitrosatable amino compounds
together with nitrite can lead to the formation of malignant
tumors indistinguishable from those induced by the corre-
sponding N-nitroso carcinogen [173]. Furthermore, enhanced
exposure to nitrate results in enhanced urinary excretion of
N-nitrosated amino acids in humans [174, 175]. The latter
are highly water-soluble noncarcinogenic NOC that are rou-
tinely used as (surrogate) biomarkers to monitor endogenous
N-nitrosation under various conditions [174, 175]. However,
despite many years of research, the potential health risk re-
sulting from the endogenous formation of carcinogenic NOC
has still not been assessed in detail up to the present time.
This is in part due to the fact that validated biomarkers reflect-
ing carcinogenic NOC formation are largely missing. DNA
base adducts like O6-carboxymethylguanine (O6CMG) may
be potentially useful biomarkers, reflecting endogenous for-
mation of carboxymethylating/methylating agents from the
interaction of primary amino groups in amino acids, peptides,

or proteins with nitrosating agents (expanded in Section 4.1).
Yet, the multitude of physiological and disease-related pro-
cesses such as infections and/or inflammation, which may
give rise to nitrosating agents, complicate any approach to
study long-term health effects.

In addition, NOC may already be formed in foods, e.g.,
as a consequence of processing them with nitrite or nitrate
(meat curing). Thus, humans are also exposed to exogenously
formed NOC from various sources such as foods and cosmet-
ics [176]. The WCRF/AICR reported “convincing” evidence
that a high consumption of red and processed meat is asso-
ciated with an enhanced risk of developing colorectal cancer,
thereby suggesting, among other factors, a potential contribu-
tion of NOC to the formation of such tumors [177]. However,
whether this association reflects enhanced exposure to NOC
in meat or whether other factors such as nitrosylheme and
nitrosothiols (see Section 4.4.3) may contribute, remains to
be resolved.

4.1 Exogenous and endogenous formation of NOC

NOC comprise N-nitrosamines and N-nitrosamides (see
Fig. 2). Whenever nitrosating agents encounter N-
nitrosatable amino compounds, NOC may be formed. Ni-
trosation rate constants depend on the reaction mechanism
involved, on the nature and concentration of the reaction
partners, the reaction medium, pH value, and further modi-
fying factors, including the presence of catalysts or inhibitors
of N-nitrosation. The classical situation is reflected by the
reaction of an amine with nitrous acid (HNO2) in aqueous
solution, as it prevails in the stomach during digestive gastric
passage (pH 2.5–3.0) [19, 178, 179]. The HNO2/nitrite equi-
librium has a pKa value of 3.3–3.4. Therefore, at a gastric pH
of around 3 about half of the nitrite in the gastric fluid will
be present in the protonated form as HNO2. The latter equi-
librates with the nitrosyl cation (NO+) and nitrogen oxides,
especially dinitrogen trioxide (N2O3), which represents the
rate-limiting nitrosating species toward amines under these
conditions (Fig. 3). Furthermore, N2O3 equilibrates with NO
and NO2, the latter in turn with dinitrogen tetroxide (N2O4),
thereby causing nitrosation and nitration reactions. NO can
combine with the superoxide anion radical to generate per-
oxynitrite (ONOO−), a pivotal component of physiological
reactive nitrogen species. The reactivity of peroxynitrous acid
(ONOOH) is influenced by the bicarbonate/carbon dioxide
equilibrium and by other physiological reactants, including
low molecular weight thiols or heme centers. Under acidic
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conditions, nitrosyl and nitrous acidium ions may be paired
to a spectrum of anions, including halogenides, thiocyanate,
and others. Depending on the pH, such counterions may act
as catalysts of N-nitrosation or even act as nitrite scavengers,
thus inhibiting NOC formation, depending on the specific
scenario considered with respect to exogenous and in vivo
formation of NOC. In the stomach, the nitrosating species
for basic amines is N2O3, which arises under proton catalysis
from two molecules of HNO2. Therefore, the nitrosation rate
depends on the square of the nitrite concentration, and the
reaction follows second-order kinetics with respect to nitrite.
As a consequence, enhanced nitrite concentrations will lead
to sharply increased N-nitrosation rates under such gastric
conditions. As can be deduced from Fig. 4, low pH favors
formation of N2O3, but also increases amine protonation.
Only nonprotonated nitrogen atoms are available for nitro-
sation. Thus, for most alkylamines the pH dependence of
the N-nitrosation rate follows a bell-shaped curve, with peak
rates around pH 3–4 [180]. Therefore, strongly basic mono-,
di-, or trialkyl amines (pKa > 9.5) are not considered to ex-
hibit nitrosation rates that favor substantial NOC formation
in acidic gastric media. Under such conditions, the concen-
tration of the protonated species exceeds the concentration of
the unprotonated species by factors of roughly 106 or more.
Thus, weakly basic amines (pKa < 9.5) are of great relevance
for in vivo nitrosation in the acidic gastric medium [52, 60].
Specific considerations apply, when an aldehyde is present.
For instance, under neutral to alkaline conditions formalde-
hyde has been shown to strongly catalyze the conversion of
various secondary amines to nitrosamines, probably as a re-
sult of forming intermediate hydroxymethylamine adducts
[181]. Because acid-catalyzed nitrosation in the absence of
formaldehyde and, potentially, other foodborne aldehydes is
inappreciable at pH > 5, NOC in food and certain consumer
products or under specific working place conditions most
likely arise from exposure of unprotonated amines to gaseous
NOx and/or other nitrosating agents potentially generated in
food (e.g., O and S-nitroso compounds as well as nitrosyl
heme intermediates, e.g., in cured meat products).

The N-nitrosation reaction can also be inhibited, e.g., in
the presence of ascorbic acid, primary amines, tannins, or
other phenolic compounds [182]. Thus, it has been discussed
that, while some vegetables provide high intakes of nitrate,
they also provide substantial intakes of food constituents that
can at least partially inhibit the formation of NOC [183–185].
The protective potential of such dietary inhibitors depends
not only on the reaction rates of N-nitrosatable precursors
and nitrosation inhibitors, but also on their biokinetics,
since a given inhibitor, in order to be effective, needs to
follow gastrointestinal circulation kinetics similar to nitrate
[186].

Nitrosamines most frequently found in food are N-
nitrosodimethylamine (NDMA), N-nitrosopyrrolidine, N-
nitrosopiperidine, and N-nitrosothiazolidine. Nonvolatile
NOC mainly consist of N-nitrosated amino acids, including
the N-nitroso products of sarcosine, NPRO, thiazolidine-4-

Figure 3. Main metabolic pathways of nitrite (modified according
to [19]).

carboxylic acid, oxazolidine-4-carboxylic acid, and N-nitroso-
2-methyl-nitroso thiazolidine-4-carboxylic acid as well as the
oxazolidine analog [187, 188]. The formation and occurrence
of NOC in cosmetics and consumer products has recently
been summarized in two opinions by the EU Scientific Com-
mittee on Consumer Safety (SCCS) [189, 190].

There is compelling evidence for endogenous formation
of NOC in humans. Thus, formation of NOC is to be expected
not only under environmental, technical, or household con-
ditions, thereby favoring the reaction of nitrosatable amino
compounds in food with nitrosating agents, but also after
food ingestion, e.g., during the stomach passage due to the
reaction of precursor amines or amides with nitrite. Similar
reactions of secondary or tertiary amines or amides have been
described after oral intake of drugs [191]. It has been shown
that dietary nitrate and nitrite can lead to NO formation in
the stomach and the large intestine [192–194]. NO is not
a N-nitrosating agent per se, but may be rapidly converted
into nitrosating and oxidizing reactants such as NOx and
peroxynitrite. In addition, certain infections, which lead to
inflammatory processes, may also contribute to endogenous
nitrosation reactions [36], as shown, e.g., by an increased uri-
nary elimination of nitrosated amino acids. An early study
by Sander and Bürkle in 1969 proved that endogenous NOC
formation can occur in vivo. When weakly basic amines like
N-methylbenzylamine and morpholine were given together
with nitrite to rats, the same tumors as observed after applica-
tion of the corresponding NOC were induced [173]. Further
indications came from the observation that malignant liver
and lung tumors developed in rats fed the drug amidopy-
rine (AP) together with nitrite. This was attributed to the
extremely high reactivity of AP toward nitrosating agents, re-
leasing NDMA by endogenous nitrosation [195]. The in vivo
nitrosation of AP in humans was proven after ingestion of AP
together with a nitrate-rich vegetable (radish). The concomi-
tant intake of ethanol (in 500 mL beer) prevented CYP 450-
mediated NDMA metabolic clearance, which occurred very
rapidly in the absence of ethanol [196, 197]. Under these ex-
perimental conditions, NDMA formed from AP was protected
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Figure 4. Mechanism of nitrosa-
tion of secondary amines [60].

from CYP 450-dependent metabolic clearance and therefore
became detectable in the urine of the volunteers [196, 197].
This confirms the premise that nitrate taken up with the diet
undergoes enterosalivary circulation and partial conversion
to nitrite in the oral cavity, leading to the endogenous nitrosa-
tion of N-nitrosatable precursors from food (Fig. 5). NDMA
formation from AP was further confirmed by an ex vivo study,
separately collecting human saliva samples from differently
exposed volunteers. From one group of volunteers, saliva was
obtained after ingestion of a nitrate-rich vegetable juice con-
taining 200 mg nitrate. From the second group of volunteers,
saliva was collected for 0.5–5 h after intake of AP at the rec-
ommended daily dose of 500 mg. Saliva samples from both
groups were mixed and incubated under simulated gastric
conditions (15 min, pH 3, 37�C). NDMA formation in the
combined saliva mixture was detected as early as 30 min af-
ter AP intake, with a maximum yield (980 ng NDMA/mL)
2.5 h after ingestion, still measurable 5 h after ingestion
(300 ng NDMA/mL) [197]. This clearly demonstrates that
formation of NOC in the gastrointestinal tract is to be ex-

pected when a high dietary nitrate intake coincides with the
ingestion of easily nitrosatable precursors. Enterosalivary re-
cycling of both components and partial reduction of nitrate
to nitrite by the oral microbiota, as exemplified in the case of
AP, plays a major role (Fig. 5).

Biomarkers to determine the nitrosation in the gastroin-
testinal tract need to be developed. The nitrosation of proline
to NPRO has been used, since endogenously formed NPRO
is quantitatively excreted in urine. However, under certain
circumstances, e.g., when gastric acid levels are low in the
stomach (pH > 4), nitrosation of proline does not occur [198],
whereas NDMA would still be generated from AP.

The exposure of laboratory animals to tobacco constituents
may serve as a model to study different aspects related to the
carcinogenicity of nitrosamines to humans. The concomi-
tant exposure of rats to nornicotine and nitrite was shown to
result in the endogenous formation of N-nitrosonornicotine
(NNN), a tobacco-specific nitrosamine [199]. NNN is easily
and rapidly formed by nitrosation of nornicotine and less
readily by nitrosation of the tertiary amine nicotine [200,201].

Figure 5. Nitrate ingestion, con-
version to nitrite, and gastric
NOC formation.
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Figure 6. Nitrosation of glycine and formation of guanine adducts (modified according to [212]).

NNN, a highly potent tobacco carcinogen, is not found in
the diet or in the general environment, except when tobacco
smoke is present. Monitoring urinary mercapturic acids as
biomarkers provided evidence for the endogenous formation
of NNN in humans taking nicotine replacement products
[202,203]. This potential hazard could be addressed, at least in
part, by excluding nornicotine contamination from nicotine
replacement products or by combining them with nitrosa-
tion inhibitors. There is presently no evidence that long-term
users of nicotine replacement products are at increased risk
of cancer above and beyond that due to their history of smok-
ing. Nevertheless, it would be prudent to avoid exposing the
users of these products to NNN.

Evidence from prospective human cohort studies revealed
a remarkably strong association between urinary total NNN
as biomarker of human NNN intake and the risk of devel-
oping esophageal cancer among smokers [204, 205]. This is
consistent with evidence from animal carcinogenicity stud-
ies, showing potent carcinogenic effects of NNN and 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) in rat
esophagus and lung [206]. NNN and NNK have been clas-
sified as “human carcinogens” (group 1) by the International
Agency for Research on Cancer (IARC) [207].

Carboxymethylating/methylating agents associated with
dietary nitrosating agents may play a potential role in gastroin-
testinal carcinogenesis. N-nitroso glycine derivatives have
been found to be mutagenic in bacterial test systems and hu-
man lymphoblasts [208]. As an example, N-nitrosoglycocholic
acid was found to induce gastric cancer in experimental
animals [209]. The formation of certain adducts in human

DNA, e.g., O6-carboxymethyl-2′-deoxyguanosine (O6CMdG)
and O6-methyl-2′-deoxyguanosine (O6MedG), has been as-
sumed to be a consequence of the nitrosation of glycine
(or glycine-containing substrates) (Fig. 6) [210]. N-nitrosation
of glycine results in the formation of diazoacetate or its
analogues, giving rise to the formation of O6CMG. It has
been reported that O6CMG adducts are not repaired by O6-
alkylguanine-DNA-alkyltransferases and may therefore accu-
mulate in the DNA of gastrointestinal tract tissues [210], while
a recent report showed that O6CMG can be repaired by the
above-mentioned enzymes [211]. The in vitro pattern of muta-
tions in the tumor suppressor gene p53 exposed to potassium
diazoacetate has been found to be similar to the pattern of p53
mutations observed in human gastrointestinal tumors [212].
Antibody-based assays have been developed for the detection
of O6CMdG, including immunoaffinity-HPLC, immuno-slot
blot assays, and immunohistochemistry [213–215]. More re-
cently, sensitive MS-based assays have become available [216].
Future prospective studies on colorectal cancer risk may use
O6CMdG as a potential biomarker. Primary amino acids other
than �-amino acids, such as �-amino (e.g., �-alanine) or �-
amino (e.g., �-amino butyric) acids may give rise to the corre-
sponding lactones under nitrosating conditions. Knowledge
of the reactivity of those amino acids may be useful to pre-
dict potentially adverse effects of such non-NOC nitrosation
products.

The endogenous nitrosation of 5,6-dihydrouracil (DHU),
a physiological metabolite of pyrimidine bases (DNA, RNA)
present in human urine and plasma, yields 1-nitroso-
DHU [179], which is a powerful rat hepatocarcinogen [217].
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Furthermore, it has been suggested that this NOC is involved
in the formation of the DNA adduct 7-carboxyethylguanine
(7-CEG) [218]. Rats fed DHU or �-ureidopropionic acid to-
gether with nitrite in drinking water showed a significant
increase of 7-CEG levels in hepatic DNA. This is indicative of
an endogenous nitrosation, resulting in the formation of di-
rect DNA damaging agents. N-methylnitrosamino propionic
acid as well as acrylic acid, presumed to be a metabolite of
acrolein, have also been proposed to contribute to the forma-
tion of 7-CEG adducts in human liver DNA. The latter is a
common environmental contaminant and also is an endoge-
nous product of lipid peroxidation [218]. Thus, the endoge-
nous nitrosation of DHU and methylamino propionic acid to
the corresponding NOC as well as the endogenous and/or ex-
ogenous exposure to acrolein may therefore serve as sources
for 7-CEG adducts found in human tissues.

The intragastric formation of NDMA after dietary nitrate
intake was also investigated in the in vitro dynamic diges-
tion model TIM1 simulating the upper gastrointestinal tract
(TNO Nutrition and Food Research, Zeist, The Netherlands).
It consists of a computer controlled in vitro flow-through sys-
tem that mimics the physiological processes in the human
stomach and small intestine during digestion. After adding
fish as a model food rich in amines together with nitrite to the
stomach compartment, formation of NDMA was monitored.
Under these in vitro conditions, a minimal amount of NDMA
was formed. It was assessed to result in a margin of exposure
(MOE, see Section 5.3) higher than 100 000 [219, 220]. These
results suggest that the assessment of nitrosamine forma-
tion in such gastrointestinal tract models using food rich in
strongly basic amines most likely underestimates the risk as-
sociated with endogenous NOC formation, in line with the
premise that strongly basic secondary or tertiary amines in
food like di- or trimethylamine in fish are not efficiently ni-
trosated. The mean daily dietary intake of total primary and
secondary amines has been reported to be 30 and 7 mg/day,
respectively [221]. In addition, there is evidence for the con-
tribution of gut microbiota to endogenous NOC formation
[47, 48, 222].

4.2 Structure/activity relationship of NOC

NOC are a class of potent human carcinogens. The carcino-
genic potential of NDMA was already described in 1956 [223],
that of the homologue N-nitrosodiethylamine (NDEA) only a
few years later [224]. In 1967, Druckrey and colleagues pub-
lished a comprehensive study on the carcinogenicity as well
as the structure–activity and dose–response relationship of
65 NOC in BD rats [225]. The outstanding carcinogenic po-
tency of NDMA and NDEA has been compellingly estab-
lished in comprehensive, lifelong animal studies [226–229].
Since bioactivation and interaction with critical cellular tar-
gets is similar in animals and humans, NOC are regarded
as presumed human carcinogens. The carcinogenic poten-
tial of NOC depends on their structure. NDMA, NDEA, and

the tobacco-specific NNK are among the most potent carcino-
gens. This is reflected by BMDL10 (where BMDL10 is the
bench mark dose lower confidence limit 10%) values of 18
and 27 �g/kg b.w. for NDEA and NDMA, respectively [189]
(see also Section 4.3). Regarding tumorigenicity, NNK is con-
sidered to be about equally as potent as NDMA and NDEA
[207,230]. In terms of extrapolation from animal experiments
to humans, it needs to be taken into consideration that organ-
specific effects of NOC are species-dependent. Therefore, a
reliable extrapolation of data regarding organ-specific effects
from one species to another, including humans, is not pos-
sible without further detailed molecular, mechanistic, and
biokinetic information [231].

Preformed and endogenously formed N-nitrosamines are
well absorbed in the gastrointestinal tract [232–236]. The first
step in the metabolic activation of NOC is the hydroxylation
at the �-C position, mediated by several CYP 450 monooxy-
genases. The resulting �-hydroxy-N-nitrosamine, a proximal
carcinogen, is unstable and rapidly dissociates into an alde-
hyde and a monoalkylnitrosamine, the latter rearranging into
the corresponding diazonium intermediate. The diazonium
electrophile can react with cellular macromolecules such as
DNA, RNA, or protein, forming covalent adducts with ap-
propriate nucleophilic centers (Fig. 7). Metabolically gener-
ated reactive electrophilic compounds lead to the alkylation
of DNA bases, mainly at the N7, O6, and N3 positions of gua-
nine, at the N1, N3, and N7 positions of adenine, and at the
O2 and O4 positions of thymine. The DNA damaging effect is
generally accepted to represent the key event initiating a chain
of biological responses finally leading to cancer. Among the
different DNA base adducts, N7-alkylguanine, in general, is
predominant. However, O6-alkylguanine as well as O4- and
O2-alkylpyrimidine adducts, which cause DNA mismatches
and miscoding, are more potent mutagenic lesions potentially
leading to carcinogenesis.

The basic structural requirements for the carcinogenicity
of NOC have extensively been reviewed [231, 237]. Since the
�-C position is crucial for metabolic activation, branching in
this position reduces carcinogenicity. A tertiary substituent
in this position completely inhibits carcinogenicity [231]. In
addition, the chain length and symmetry of NOC has a great
influence on their organotropy. Symmetric NOC mainly in-
duce tumors in the liver, whereas asymmetrically substituted
NOC lead to carcinomas in the esophagus and/or the urinary
bladder (longer side chains) [231, 237].

4.3 Risk assessment of nitrosamines, MOE

Common NOC have been ranked with respect to their car-
cinogenic potential by using dose descriptors (BMDL10, T25)
prevailing in carcinogenic risk assessment [188, 238]. The
SCCS of the European Commission has used high-quality
data [226, 227, 229] in its dose–response modeling [189]. The
benchmark dose leading to a 10% tumor incidence in rats
(BMD10 or BMDL10, taking into account the 95% lower
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Figure 7. Metabolic activation
of dialkyl-N-nitrosamine to an
electrophilic alkylating agent
[[187]; with permission from
Wiley & Sons].

confidence limit) revealed NDEA and NDMA to represent by
far the most potent compounds, exhibiting BMDL10 values
of 18 and 27 �g/kg b.w./day, respectively [189]. For compar-
ison, BMDL10 values of other potent foodborne carcinogens
have been reported to range between 120 (benzo[a]pyrene)
and 480 �g/kg b.w./day (2-amino-1-methyl-6-phenylimidazo
[4,5-b]pyridine) [239]. These may be used to calculate a MOE,
which describes the ratio between human exposure and a
dose level inducing a defined tumor response in animals
(in this case a 10% response). According to EFSA, a MOE of
10 000 or higher would be of low concern for health risk man-
agement [240]. Data on the occurrence of NOC in processed
foods are rather outdated, being mostly from the 1980s to
the 1990s. In these years, a significant reduction of NOC lev-
els in foods and cosmetics was achieved due to appropriate
mitigation measures. Human dietary intake of volatile NOC
in Germany has been estimated to be 0.2–0.3 �g/person/day
(3.3–5.0 ng/kg b.w./day based on a b.w. of 60 kg) [176]. The
MOE resulting from NDMA exposure can be assessed to
be in the range from 5400 to 8200. Taking into account an
additional exposure of 0.4 ng/kg b.w./day NDMA formed
endogenously from food components, as estimated from an
in vitro gastrointestinal tract model [220], the MOE would
marginally decrease to 5000–7300. However, as mentioned
in the last paragraph of Section 4.1, the formation of NDMA
from strongly basic amines such as dimethylamine in in vitro
gastrointestinal tract models most likely underestimates the
endogenous NOC formation, so that the MOE value could
in fact be lower than the above-mentioned one. To which
extent the MOE value could further be lowered cannot be de-
duced from the presently available data. Clearly, there is also
a need to update the database on NOC levels in food in order
to support assessment of overall exposure and risk. How-
ever, dimethylamine or diethylamine as potential precursors
of NDMA or NDEA are not considered relevant indicators of
endogenous NOC formation from foods. Therefore, adequate
biomarkers still need to be identified.

4.4 Nitrate, nitrite, NOC, and cancer

4.4.1 Animal studies

The carcinogenicity of sodium nitrate was investigated in a
2-year study [241]. Groups of 50 male and 50 female Fischer
344 rats, 8 weeks of age, were fed a diet containing 0, 2.5,
or 5% sodium nitrate for 2 years, equivalent to 0, 1250, or
2500 mg sodium nitrate/kg b.w./day or 0, 910, or 1820 mg
nitrate ion/kg b.w./day. The incidence of mononuclear cell
leukemia was reduced in the treated groups when compared
to controls (males: control group, 36%; low-dose group, 4%;
high-dose group, 2%; females: control group, 28%; low-dose
group, 0%; high-dose group, 2%). No significant differences
were observed in the incidence of any other types of tumors.
IARC reviewed the carcinogenicity data on nitrate and noted
that Fischer 344 rats show a high incidence of spontaneous
mononuclear cell leukemia. It was concluded that there is
inadequate evidence in experimental animals for the carcino-
genicity of nitrate [242].

The carcinogenicity of sodium nitrite was investigated by
the U.S. National Toxicology Program in a 2-year rat and
mouse study [243]. Groups of 50 male and 50 female rats
were exposed to 0, 750, 1500, or 3000 ppm sodium nitrite
(equivalent to average daily doses of approximately 0, 35, 70,
or 130 mg sodium nitrite/kg b.w. in the case of males and
40, 80, or 150 mg sodium nitrite/kg b.w. in the case of fe-
males) in drinking water for 2 years. The U.S. National Tox-
icology Program study concluded that there was no evidence
of carcinogenic activity for sodium nitrite in male or female
F344/N rats and in male B6C3F1 mice [243]. Equivocal evi-
dence of carcinogenic activity was reported for sodium nitrite
in female B6C3F1 mice, based on the positive trend in the inci-
dences of squamous cell papilloma or carcinoma (combined)
in the forestomach [243]. IARC reviewed the carcinogenic-
ity of nitrite and concluded that there is limited evidence in
experimental animals for the carcinogenicity of nitrite per
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se [242]. However, IARC also stated that there is sufficient
evidence in experimental animals for the carcinogenicity of
nitrite in combination with amines or amides [242].

4.4.2 Evidence in humans

The relevance of the endogenous formation of NOC for hu-
man carcinogenesis remains a matter of debate. Experimen-
tal models demonstrating that NOC can induce tumors in
the gastrointestinal tract are available, but there is little evi-
dence that exposure to such compounds is directly involved
in the induction of such tumors in humans. Indeed, many
NOC do not directly lead to malignant cell transformation.
Instead, they need to be absorbed to become metabolically
activated, thereby inducing cancer at sites distant from the
site of formation or incorporation. Still, in vitro experiments
have shown that mutations induced by compounds generated
by endogenous nitrosation are similar to those found in col-
orectal tumors, supporting the hypothesis that endogenous
nitrosation may be one causative mechanism [212]. IARC con-
cluded that ingested nitrate or nitrite under conditions that
result in endogenous nitrosation is probably carcinogenic to
humans (Group 2A) [242].

More recent evidence reported a significant association
between urinary NOC excretion and micronuclei frequency
in human lymphocytes as well as gene expression changes as-
sociated with malignant cell transformation in NOC-exposed
Caco-2 cells [244, 245]. Whole blood transcriptomes of 30 in-
dividuals were screened for transcription patterns correlating
with NOC exposure markers and micronuclei frequency in
lymphocytes [245]. In a network analysis, various genes were
identified as potential transcriptomic biomarkers. The asso-
ciation between NOC excretion and micronuclei frequency
suggested that an increased cancer risk for humans exposed
to NOC may exist. If confirmed, the identified genes may be
used in future studies as genetic markers for NOC exposure.
Gene expression analysis in colon biopsies of inflammatory
bowel disease and irritable bowel syndrome patients demon-
strated a correlation between fecal NOC levels and gene ex-
pression changes [246]. Genes associated with chromatin as-
sembly were found to be negatively or positively correlated
with the level of apparent total nitroso compounds (ATNCs).
The determination of ATNC is based on the release of NO
from a given medium. Depending on the chemistry of the pre-
treatment prior to NO release, it may also detect compounds
other than NOC that may contribute to NO formation [247].
Intake of red meat was found to be associated with increased
fecal water genotoxicity and with particular gene expression
changes. These include the gene coding for protein kinase A
as well as genes associated with cytoskeleton reorganization,
the WNT signaling pathway and small ubiquitin-related mod-
ifiers (SUMO), significant regulators of the response to DNA
damage [248]. Taken together, the exposure of Caco-2 cells to
NOC led to changes in gene expression associated with ma-
lignant cell transformation, while the incubation of human

blood cells with NOC induced the formation of micronuclei,
a biomarker of DNA damage.

4.4.3 Red/processed meat

The consumption of red and processed meat may result in an
intake-dependent endogenous formation of ATNC [249,250].
The main contributors to ATNC formation following the con-
sumption of a high meat diet appear to be nitrosyl heme and
nitroso thiols [251]. Major sources for dietary heme are roast
beef, steaks, hamburgers, sausages, and ham. The amount of
ATNC in feces was found to correlate with red meat intake,
and additional heme intake further increased the ATNC level
[250]. While it is known that free thiol and heme groups are
necessary for NOC to be formed, the mechanisms underly-
ing the meat-induced endogenous formation of NOC have
not yet been completely elucidated. Both nitrosyl heme and
nitroso thiols are known to act as NO donors and both can act
as nitrosating agents [252,253]. Therefore, these compounds
probably stimulate the formation of NOC or highly reactive
alkylating intermediates, which eventually may lead to DNA
damage.

In some human dietary intervention studies, a strong cor-
relation between endogenous NOC formation and the pres-
ence of O6CMG adducts has been reported [215]. In fact,
O6CMG adducts were detected in exfoliated colonic cells of
volunteers consuming high amounts of red meat, and the
adduct levels were significantly higher than those of volun-
teers on a vegetarian diet. In this context, it should be noted
that N-nitrosation of glycine leads to the formation of diazoac-
etate or its analogues, which may give rise to the formation of
O6CMG. A study in 185 archived colorectal cancer tumor sam-
ples (EPIC Norfolk) reported a strong association between
meat intake and GC-to-AT transition mutations [254]. These
data support the hypothesis that endogenous nitrosation re-
actions leading to the formation of alkylating agents and
DNA damage are likely to contribute to the association found
between the consumption of red and processed meat and
colon cancer risk. The potential role of red/processed meat
in colorectal cancer development has recently been reviewed
[255].

Prospective cohort studies suggest an association of red
meat and nitrite-preserved meat intake with an increased risk
for colon cancer [251, 256–259]. One of the studies used the
outcome of a continuing survey of food intake in the United
States to create meat categories for smoked and processed
meat. The content of nitrate and nitrite was estimated by us-
ing chemical analysis, standard recipes for meat processing,
and literature values. The data of a food frequency question-
naire regarding intakes of processed meat and residual ni-
trate and nitrite were used to estimate the nitrate and nitrite
intake [260–262]. In a large prospective cohort study (NIH-
AARP) the role of red and processed meat, nitrate, and ni-
trite in cancer development was assessed. Elevated risks were
reported for red and processed meat (nitrite) intake in
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association with colorectal cancer [263], and for nitrate/nitrite
intake in association with several types of human cancer in-
cluding tumors of the thyroid gland, ovary, kidney, and blad-
der [262, 264–267]. No associations were reported for other
cancer types [257, 264–266, 268, 269]. Findings were contro-
versial for glioma [270–272]. In the EPIC study, endogenous
NOC (calculated from iron intake with meat and fecal ATNC
formation) and dietary nitrite were not significantly associ-
ated with cancer risk [273, 274].

In conclusion, the epidemiological evidence regarding the
role of endogenous NOC formation for human cancer risk is
inconsistent. Obviously, there is a need for more elaborate
studies, which make use of appropriate biomarkers and also
include those determined by applying “omics” technologies,
in order to establish causality for the association.

Future comprehensive studies need to take into consider-
ation, among other parameters, nitrate/nitrite exposure and
the extent of NOC formation in vivo, the nature and relevance
of N-nitrosatable precursors and the resulting NOC, the in-
fluence of individual dietary and physiologic factors, but also
the individual health status, especially with respect to those
conditions favoring endogenous NOC formation including
inflammatory and/or infectious diseases.

Such comprehensive studies, preferentially in humans,
may be integrated into well-designed prospective (molecu-
lar) epidemiologic studies or may be carried out as double-
blind, randomized controlled intervention studies. Long-term
as well as short-term health effects need to be considered.

5 Conclusions, recommendations, and
research needs with respect to
risk/benefit assessment

The SKLM is of the opinion that there is a need for further
research addressing potentially negative and positive health
effects associated with dietary nitrate and nitrite exposure.
The available evidence is inadequate to be used as a basis
for a comprehensive and reliable assessment of positive as
well as negative health effects, especially regarding long-term
effects. Human intervention studies should be undertaken,
making use of appropriate biomarkers for potentially detri-
mental or beneficial health effects. Such studies also need
to consider individual differences such as age and gender,
genetic background, and health status as well as the role of
infections and inflammatory processes.

5.1 Biomarkers reflecting nitrate/nitrite associated

beneficial/adverse effects

To allow an adequate evaluation of the consequences of a
dietary exposure to nitrate/nitrite for human health, an ar-
ray of predictive and reliable biomarkers should be devel-
oped. Regarding beneficial effects related to the intake of ni-
trate/nitrite, monitoring of mean diastolic blood pressure is

proposed as a surrogate short-term biomarker predictive for
long-term beneficial effects, especially reduced mortality due
to CVDs. In addition to blood pressure, further biomarkers
related to CVD risk, such as those reflecting effects on circu-
lation/blood flow, platelet adhesion/aggregation, and mainte-
nance of vessel tonus, should also be taken into consideration.

At the same time, there is an urgent need to adequately
characterize the potential health risk associated with an en-
hanced dietary nitrate intake and to develop biomarkers in-
dicative of endogenous as well as exogenous NOC exposure.
As an easily accessible surrogate biomarker for overall en-
dogenous N-nitrosation, the urinary excretion of noncarcino-
genic N-nitroso amino acids may be utilized. However, it
needs to be established to what extent monitoring of urinary
noncarcinogenic N-nitroso amino acids can also be taken
as a biomarker for the endogenous formation of carcino-
genic NOC or related genotoxic agents. Potentially negative
effects of NOC are mainly considered to result from geno-
toxic DNA damage resulting in mutations and finally in
cancer. To corroborate the correlation of such biomarkers
with the risk resulting from the in vivo generation of car-
cinogenic NOC or corresponding genotoxic intermediates,
specific DNA adducts as indicators of genotoxic damage by
NOC in human blood leucocytes or biopsy samples need to
be monitored. Moreover, specific transcriptomic responses
as indicators of genotoxic damage and subsequent biological
responses, including DNA repair and mutation induction,
should be investigated in human blood and/or tissue sam-
ples and assessed for their value as predictive biomarkers.

The SKLM realizes that the predictive power of these
biomarkers will have to be validated in the future by appro-
priate prospective molecular epidemiology studies.

5.2 Human intervention studies

The SKLM is of the opinion that well-designed dietary in-
tervention studies constitute an essential step in the process
of accomplishing a reliable risk/benefit assessment with re-
spect to the long-term human health effects of nitrate/nitrite.
Such human intervention studies should be performed in
subpopulations at an enhanced health risk, e.g., in slightly
hypertensive individuals. It is known that a reduction of
5 mmHg is sufficient to significantly reduce the long-term
risk of developing CVDs. An intervention study in which vol-
unteers ingest nitrate/nitrite at a level appropriate to achieve
a reliably measurable and significantly beneficial reduction
of the mean diastolic blood pressure may be envisaged.

5.3 Specific research needs

The outcome of human studies should constitute an essen-
tial part of a comprehensive database to be established on
nitrate/nitrite-related beneficial as well as detrimental health
effects and their dose dependency. In order to achieve this
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objective, particular attention should be given to the follow-
ing issues:

(i) to deduce potentially minimal effective doses of dietary
nitrate that can significantly reduce blood pressure,
e.g., from intervention studies in slightly hypertensive
subpopulations;

(ii) to develop biomarkers for further potentially beneficial
long-term effects;

(iii) to identify specific transcriptomic responses as an in-
dication of short/long-term human health effects;

(iv) to establish biomarkers that reflect the endogenous for-
mation of carcinogenic NOC;

(v) to explore the influence of the health status, espe-
cially bacterial infections and inflammatory diseases,
on biomarker response;

(vi) to update the database on human dietary intake of ni-
trate/nitrite and especially NOC;

(vii) to explore the (endogenous) nitrosation kinetics of an
array of amino compounds, which reflect the range of
chemicals humans are exposed to and can plausibly
be expected to act as precursors for carcinogenic NOC
and/or to give rise to toxicologically relevant amounts
of genotoxic electrophils in vivo;

(viii) to more firmly establish the relationship between over-
all NOC exposure, both from endogenous and exoge-
nous sources, and the induction of cancer;

(ix) to establish methods to quantify risks as well as benefits
to enable a reliable risk/benefit assessment.
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