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Abstract

Dietary exposure to N-nitrosamines has recently been assessed by the European Food Safety Authority (EFSA) to result
in margins of exposure that are conceived to indicate concern with respect to human health risk. However, evidence from
more than half a century of international research shows that N-nitroso compounds (NOC) can also be formed endogenously.
In this commentary of the Senate Commission on Food Safety (SKLM) of the German Research Foundation (DFG), the
complex metabolic and physiological biokinetics network of nitrate, nitrite and reactive nitrogen species is discussed with
emphasis on its influence on endogenous NOC formation. Pioneering approaches to monitor endogenous NOC have been
based on steady-state levels of N-nitrosodimethylamine (NDMA) in human blood and on DNA adduct levels in blood cells.
Further NOC have not been considered yet to a comparable extent, although their generation from endogenous or exogenous
precursors is to be expected. The evidence available to date indicates that endogenous NDMA exposure could exceed dietary
exposure by about 2-3 orders of magnitude. These findings require consolidation by refined toxicokinetics and DNA adduct

monitoring data to achieve a credible and comprehensive human health risk assessment.

Introduction

The EFSA Panel on Contaminants in the Food Chain (CON-
TAM Panel) recently published a scientific opinion on the
human health risks related to the presence of carcinogenic
N-nitrosamines (N-NAs), a well-known group of N-nitroso
compounds (NOC), in food (EFSA 2023). The opinion
evaluated the toxicity of N-NAs to animals and humans,
estimated the dietary exposure of the European Union (EU)
population to N-NAs and assessed the human health risks to
the EU population due to the estimated dietary exposure to
10 carcinogenic N-NAs occurring in food (TCNA).

The EFSA opinion exclusively focused on the risk assess-
ment of human nutritional exposure to pre-formed N-NAs
in food. Although it was mentioned that measurable NOC
levels of unknown origin have been reported in blood, gas-
tric juice, urine and milk, and that their endogenous forma-
tion could not be excluded, the potential consequences for
risk assessment due to endogenous NOC formation were not
taken into consideration.

Extended author information available on the last page of the article

The SKLLM underlines that a comprehensive risk assess-
ment of human exposure to NOC should not disregard the
risk exerted by endogenous exposure to these compounds,
which are known to be easily formed in the human body.

Risk assessment: exogenous exposure

Most genotoxic N-NAs undergo CYP-mediated oxidation
as key event of bioactivation, leading to the formation of
alkyldiazonium ions that alkylate nucleophilic sites of
biopolymers. Reaction with DNA results in alkylation of
DNA bases and the polydeoxyribonucleotide backbone,
yielding DNA base and phosphotriester adducts. DNA base
adducts at oxygen sites (e.g., the O° position of guanine or
the O* position of thymine) represent promutagenic lesions
that, if unrepaired, cause miscoding and heritable mutations
(EFSA 2023). For instance, O%-alkyl-guanine adducts gener-
ate G> A transition mutations and can initiate malignant cell
transformation and carcinogenesis. Tumors can be induced
by NOC in practically every tissue in a wide spectrum of
species up to subhuman primates, with no species having
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been found to be resistant to NOC carcinogenicity up to now.
In rodents, the liver is the main target tissue for the carci-
nogenic activity of N-NAs, followed by the upper gastroin-
testinal and respiratory tract (EFSA 2023). The key mode
of action underlying the carcinogenic activity of N-NAs is
genotoxicity.

For substances that are both genotoxic and carcinogenic,
the EFSA Scientific Committee stated that a margin of expo-
sure (MOE) of 10,000 or higher, if based on the BMDL,,
from an animal carcinogenicity study, would be of low con-
cern from a public health point of view (EFSA 2005). The
CONTAM Panel characterized the risk associated with two
nutritional scenarios, which led to dietary exposure esti-
mates at the 95th percentile (P95) of about 0-0.2 ug/kg bw/
day across surveys, age groups and scenarios (EFSA 2023).
The resulting MOE for the TCNA, based on the BMDL,, of
N-nitrosodiethylamine (NDEA) of 10 pg/kg bw/day for the
increased incidence of liver tumors in rodents (benign and
malignant tumors combined), was within a range of 3337
to 48 (EFSA 2023). The CONTAM Panel noted that there
were significant sources of uncertainty with respect to the
P95 exposure assessment (high number of left censored data,
lack of data on important food categories) which could make
the true value up to a factor of three times lower or a factor
of eight times higher. It was concluded that the MOE for
TCNA at the P95 exposure level is highly likely (98-100%
certain) to be less than 10,000 for all age groups, thus raising
a health concern. However, given that these compounds are
also formed endogenously, assessment of the human health
risk associated with exposure to NOC needs to comprehen-
sively consider exogenous as well as endogenous exposure.
For the latter, it is essential to realize that endogenous forma-
tion implies not only NOC themselves but also the relevant
precursors of N-nitrosating agents, including nitrate (NO;"),
nitrite (NO, "), nitrogen monoxide (NO) and related nitrosat-
ing species (Eisenbrand et al. 2022; Habermeyer et al. 2015).

Exposure to N-nitrosating agents:
the complex interrelationship
between nitrate, nitrite and nitrogen
monoxide

Exogenous nitrate exposure

Exogenous exposure to nitrate has been assessed by EFSA
considering different scenarios (EFSA 2008). A mean
dietary nitrate uptake for adults of 157 mg/day was esti-
mated, equivalent to 2.6 mg/kg bw/day (based on a body
weight of 60 kg). An acceptable daily intake (ADI) value
of 222 mg/day (0-3.7 mg/kg bw/day) was set for nitrate as
a food additive (FAO/WHO 2003; JECFA 2002). However,
individual consumption habits are known to cause a large
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interindividual variability of exposure that may lead to
uptake levels markedly exceeding the ADI.

Nitrate ingested with food is rapidly distributed
through the blood circulation after absorption from the
upper gastrointestinal tract (Fig. 1). When reaching the
salivary glands, nitrate is secreted by active transport
from blood into saliva, achieving salivary nitrate levels
up to 20-times the plasma level. In the oral cavity, sali-
vary nitrate is partially converted into nitrite by oral and
commensal microbial reductases (Eisenbrand et al. 2022;
Eisenbrand et al. 1980; L’Heureux et al. 2023; Liu et al.
2023). Approximately 25% of the orally ingested nitrate
is secreted through the salivary glands and up to 7-8% of
the totally ingested nitrate becomes converted to nitrite in
the oral cavity during entero-salivary circulation (Spiegel-
halder et al. 1976; Tannenbaum et al. 1976; Tricker and
Preussmann 1987). It has also been shown that increased
salivary nitrite production resulting from nitrate intake
enhances oral nitric oxide production in humans (Duncan
et al. 1995).

Exogenous nitrite exposure

Exogenous exposure to nitrite is orders of magnitude
lower when compared to nitrate and predominantly due
to the presence of residual nitrite in cured meat products,
resulting in a mean dietary consumer exposure to nitrites
of 5-30 pg/kg bw/ day (adults) and 9-60 pg/kg bw/day
(children) in the EU (EFSA 2010). In 2002, JECFA set
an ADI of 0-0.07 mg/kg bw for nitrite (JECFA 2002).
Nitrite may also be formed from nitrate by chemical and/or
microbiological reduction in the environment, during food
processing or (inadequate) food storage and, as described
below, in the mammalian organism.

Endogenous nitrate exposure

It is important to note that not only nutritional (exog-
enous) nitrate exposure but also endogenous exposure
is of relevance. In humans, nitrate excreted in urine has
been reported to exceed the amount ingested, pointing to
an additional exposure by endogenous nitrate biosynthe-
sis at a level of about 10 pmol/kg bw/day, equivalent to
about 0.7 mg/kg bw/day or roughly 50 mg/day for a per-
son weighing 70 kg (Green et al. 1981; Tannenbaum et al.
1978). Endogenous nitrate biosynthesis was reported to be
markedly increased after endotoxin treatment of experi-
mental animals (Wagner et al. 1983). Activation of mouse
macrophages was shown to induce the formation of nitrite
and nitrate from their precursor amino acid, L-arginine
(Marletta et al. 1988). Furthermore, infections induced
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Fig. 1 Endogenous exposure to N-nitrosating agents: the complex
interrelationship between nitrate, nitrite and nitrogen monoxide
(adapted from Eisenbrand et al. 2022; Habermeyer et al. 2015). NO

by bacteria, parasites or viruses as well as inflammatory
diseases, such as gastritis, hepatitis, and colitis have been
shown to favor the enhanced biosynthesis of NO (see next
chapter), leading to increasing nitrite and nitrate levels
(Bartsch et al. 1992; Ohshima et al. 1994; Ohshima and
Bartsch 1994; Schaus 1956).

Endogenous exposure to N-nitrosating agents

The SKLM has extensively reviewed the complex meta-
bolic network between nitrate, nitrite and nitrogen oxides
(NO,) (SKLM 2014) and has stated that in the mammalian
organism, nitrate and nitrite may function as an alternative
source for NO, an important and multifaceted physiological
signaling molecule, normally generated from arginine by
NO synthases (NOS) (Fig. 2). Inflammation is accompa-
nied by an upregulation of inducible nitrogen oxide synthase
(i-NOS) in many tissues that can produce NO in excess for
a prolonged period of time (Hofseth et al. 2003; Hussain
et al. 2008). Formation of nitrite and nitrate was reported
to occur through NO generation by NOS. NO in endothelial
cells was identified as the endothelium-derived relaxation
factor that induces vascular smooth muscle relaxation (Hevel
et al. 1991; Palmer et al. 1988). In the mammalian organism,
nitrate, nitrite and NO, are metabolically interconvertible.
Of note, although NO itself is not a nitrosating agent and
rather short-lived, in the presence of oxygen and/or reac-
tive oxygen species (ROS) it may give rise to N-nitrosat-
ing agents, including NO,™ and NO,. Moreover, a variety
of biological species such as heme iron proteins and their
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Fig.2 Metabolic interconversion and fate of nitrate (NO;), nitrite
(NOy") and nitric oxide (NO), modified according to (Habermeyer
et al. 2015)

cognate nitroso complexes may mediate N-nitrosation reac-
tions (Jeyakumar et al. 2017; Turesky 2018). In contrast
to an acid-catalyzed N-nitrosation reaction that primarily
occurs in the stomach, such biological N-nitrosating species
mediate NOC formation at a neutral pH. Likewise, various
enteric bacteria have been demonstrated to potently catalyze
N-nitrosation (Calmels et al. 1985; Kunisaki and Hayashi
1979; Leach et al. 1985; Suzuki and Mitsuoka 1984), and
such a catalysis was shown to directly depend on bacterial
nitrate reductase(s) (Calmels et al. 1988).
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Endogenous NOC formation

Endogenous NOC formation has primarily been proven
to occur in the case of N-nitrosatable secondary amino
acids such as proline (Knight et al. 1991), hydroxyproline
(Ohshima et al. 1982b) and thiazolidine-4-carboxylic acid
as well as its congeners (Ohshima et al. 1984). The corre-
sponding NOC are formed from the respective amino acids
following nutritional uptake in the upper gastrointestinal
tract, especially in the acidic stomach. These NOC are not
genotoxic, mutagenic or carcinogenic and are rapidly and
almost quantitatively excreted in the urine. These particu-
lar NOC have therefore been extensively used to monitor
endogenous N-nitrosation in the human gastrointestinal tract.
In volunteers, ingestion of nitrate has been demonstrated to
lead to enhanced urinary excretion of N-nitrosated amino
acids (Ohshima and Bartsch 1988; Ohshima et al. 1982a;
Tricker and Preussmann 1987).

Formation of NOC in the stomach

Gastric NOC formation from amino compounds primar-
ily occurs in the acidic medium of the stomach and follows
well-known N-nitrosation kinetics (Fig. 1). Gastric N-nitro-
sation is governed by pH, with optimum rates at about pH
3.4, which corresponds to the pKa value of nitrous acid
(HNO,). The nitrosation rate slows down at a lower pH
because protonation of the N-nitrosatable amine is compet-
ing with N-nitrosation. A similar rate limiting effect occurs
at a higher pH, because the concentration of the protonated
form of nitrous acid (HNO,) from nitrite decreases following
the mass action law (1). This entails accordingly reduced
availability of the ultimate nitrosating agent, N,O; which
is formed from two molecules of undissociated HNO, in an
acidic medium (2) (Mirvish 1975):

NO; + H" = HNO, 1)

2 HNO, = N,0; + H,0 )

Extragastric NOC formation

In contrast to acid-catalyzed gastric NOC formation, extra-
gastric NOC formation is considered to be independent of
an acidic medium, it may occur even more rapidly under
neutral or (slightly) basic conditions. Enhanced formation
of NOC in the human gastrointestinal tract has been cor-
related with red meat consumption, suggesting a catalyti-
cal role of iron heme complexes as one of several potential
causative factors contributing to enhanced colorectal can-
cer incidence (Bingham et al. 1996). N-nitrosation of the
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amino acid glycine by N-nitrosating species has been shown
to yield the methylating and carboxymethylating genotoxin
diazoacetate. Though rather unstable, diazoacetate has been
shown to alkylate DNA, leading to the formation of O°-
methyl- and carboxymethyl-guanine adducts (Shuker and
Margison 1997; Shuker 2000).

Depending on the availability of N-nitrosatable precursors
(NOP), a whole spectrum of putative alkylating genotoxins
may arise. Relevant precursors have been shown to comprise
not only N-nitrosatable food constituents, primarily those
bearing primary or secondary amino groups, but many other
environmental compounds, foremost certain drug molecules.
Many of the resulting NOC have been shown to exert geno-
toxic, mutagenic, and carcinogenic effects (Eisenbrand 1990).

It thus becomes evident that to comprehensively assess
the potential human health risk resulting from the endog-
enous formation of NOC, dosimetry based alone on N-nitro-
sated amino acids excreted in the urine would be misleading.
Moreover, although the monitoring of NOC in appropriate
body fluids appears more informative, it may still not cover
the full spectrum, especially when highly unstable diazo-
nium intermediates potentially formed from primary amines/
amino acids are taken into consideration as well. Thus, to
approach a comprehensive risk assessment, complementary
methodology needs to be developed. This may be achieved
e.g., using appropriate biomarkers that cover the full spec-
trum of N-nitrosation products potentially formed in vivo,
including highly reactive intermediates such as diazoacetate
or other products of diazonium ion formation and their reac-
tion products with biopolymers such as DNA bases or other
bionucleophiles (Shuker and Margison 1997; Shuker 2000).

Approaches to monitor endogenous exposure
to NOC

The data base on endogenous NOC exposure is clearly not
yet sufficient to ensure reliable risk assessment. This may
primarily reflect analytical difficulties (besides adequate
sensitivity and specificity, the major one being the proven
absence of analytical artifacts) as well as the rapid meta-
bolic turnover of most NOC. NDMA, the predominant NOC
found in food, has the highest data density concerning ani-
mal/human blood levels and, therefore, the available NDMA
data have been used to estimate its endogenous formation.
Exposure to other NOC is also likely to be primarily endog-
enous, but the data base is insufficient to make formal esti-
mates (Hrudey et al. 2013).

In a comprehensive analysis of the available evidence,
human blood data were considered the least ambiguous esti-
mates of endogenous formation (Hrudey et al. 2013). The
authors presented a mean/95th percentile level of endog-
enous exposure estimates by combining the data from two
papers that resulted in a reasonably large number of analyzed
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individuals (N=58 +47=105) (Dunn et al. 1986; Simenhoff
et al. 1982). Further data (Gough et al. 1983) supported the
hypothesis that mean values of human NDMA blood levels
represented approximate steady-state levels, as they varied lit-
tle during the day or for periods as long as 3 months (Hrudey
et al. 2013). Accordingly, the NDMA level measured in a
fasted, unexposed animal was considered to represent the
steady-state concentration. Data on the pharmacokinetics of
NDMA in monkeys and mice together with literature data
for rats, hamsters, rabbits, dogs, and pigs have been used to
allometrically deduce a human clearance rate of 3450 mL/
min and a distribution volume of 64,800 mL, assuming a
body weight of 70 kg (Gombar et al. 1990). Based on these
toxicokinetic characteristics, the mean endogenous NDMA
formation was estimated to be approximately 900 ug/day
(range 100 to about 2500 ug/day; corresponding to 1.4 to
35 pg/kg bw/day assuming a body weight of 71.5 kg for the
adult subjects involved) (Hrudey et al. 2013). However, it
should be noted that these values only represent the systemic
exposure of adults to NDMA and include NDMA formed
endogenously and pre-formed NDMA ingested with food or
otherwise absorbed, the latter amounts being negligible in
comparison. Nevertheless, these data suggest that a large part
of human exposure to NDMA (and presumably to NOC in
general) may arise from endogenous formation. Moreover,
by applying a similar methodology and formulating a simple
mathematical model to estimate the order of magnitude of the
NDMA flux, based on blood concentrations and assuming a
quasi-steady state between formation and metabolism, Tan-
nenbaum estimated that up to 670 ug/day of NDMA can be
formed endogenously (Tannenbaum 1980).

Another approach to estimate NDMA exposure has
been based on levels of DNA adducts in blood leukocytes.
In rats, steady-state levels of O°-methyl-dG DNA adducts
were shown to be linearly dose-related to NDMA exposure
(Souliotis et al. 1995). In a Greek population consisting of
36 mothers and their newborns, maternal and cord blood
levels of 0% methyl-dG were determined in leukocytes
(Georgiadis et al. 2000). Mean and max O°®-methyl-dG
levels were used to identify the corresponding steady-state
oral doses in rats required to produce the same adduct levels
(Georgiadis et al. 2011, 2000; Souliotis et al. 1995). Mean
levels in cord blood were somewhat lower than in mater-
nal blood (45 nmol vs. 56 nmol of 06-methyl-dG/m01 dG,
respectively; p <0.05; approx. 0.9 vs. 1.1 O%-methyl-dG/108
nucleotides'), but there was a strong correlation between
adduct levels in the two compartments (p <0.0001) (Geor-
giadis et al. 2000). According to the authors, these adduct
levels could not be associated with any known source of

! Assuming a content of 20% G in mammalian DNA (Hrudey et al.
2013) and dividing by 5 and then by 10 to convert to a denominator
of 10%

external nitrosamine exposure. In a second study on 120
maternal and cord blood pairs, O®-methyl-dG DNA adducts
were detected at levels of 0.65 and 0.38 adducts/10® nucleo-
tides (approx. 32.5 and 19 nmol O%-methyl-dG/mol dG?),
respectively, in about 70% of the maternal and 50% of the
cord blood samples (Georgiadis et al. 2011). The mean val-
ues of the second study are slightly lower than those of the
first study, which according to the authors could be partly
due to the exclusion of smokers from the second study
(Hrudey et al. 2013). Assuming similar biokinetics in rats
and humans, estimates of endogenous NDMA formation
based on O°%-methyl-dG levels in leukocytes resulted in a
mean value of 18 ug/kg bw/day (1 360 pg/day total) and a
maximum value of 220 pg/kg bw/day (17 000 pg/day total).
Thus, despite multiple possible sources of error discussed
in detail by Hrudey et al. (2013), the authors concluded that
endogenous formation may approach about 1 mg/day and
sometimes may be even higher (Hrudey et al. 2013). Of note,
pregnant Patas monkeys given orally 100 ug NDMA/kg bw
showed adduct levels of 240 nmol O%-methyl-dG/mol dG
(approx. 4.8 0%-methyl-dG/10% nucleotides') in maternal
blood (Chhabra et al. 1995).

These data suggest that the assessment of the health risk
of TCNA to humans should be reconsidered. This would
require to comprehensively take into account all sources
of exposure, foremost the exposure of endogenous origin,
which, according to the pioneering estimates presented
above, may exceed by far the exposure from dietary intake.
Nevertheless, the above-mentioned estimates require con-
firmation by state-of-the-art analytical methodology and
advanced biokinetic modelling, such as recently proposed
by (Kang et al. 2024). The overarching aim is to provide a
reliable database for a comprehensive risk assessment of
human exposure to NOC.

Research needs

The estimates of endogenous human exposure to methyl-
ating NOCs available at present clearly need further cor-
roboration. The remarkably different order of magnitude as
compared to the exogenous exposure of 0-0.2 pg/kg bw/
day (P95) across surveys and age groups deserves a careful
reexamination using well designed state-of-the-art method-
ology. This should enable a comprehensive risk assessment
that certainly needs to take endogenous exposure into closer
consideration.

Of note, endogenous exposure relates to a substantial
array of further genotoxic agents beyond NOC, as compel-
lingly assessed in a recent comprehensive review (Rietjens

2 Assuming a content of 20% G in mammalian DNA (Hrudey et al.
2013) and multiplying by 5 and then by 10 to convert to a denomina-
tor of 10°.
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et al. 2022). The SKLLM concurs with the recommendation
expressed by (Rietjens et al. 2022) that regulatory bodies
should develop a generally accepted methodology on how to
balance risks associated with endogenous exposures against
those from exogenous sources.

For NOC, research needs may include:

e Identification of biomarkers and/or methodology for
quantification of exposure and discrimination of exog-
enous versus endogenous sources

e FElucidation of endogenous formation pathways, thereby
also considering the human microbiome and its relevance
regarding in vivo generation of genotoxic versus non-
genotoxic NOC

e Establishment of compound- or group-specific exposure
biomarkers

e Building an extended database, based on dependable
dosimetry of total exposure, with the aim to achieve
probabilistic estimates of total NOC exposure of endog-
enous versus exogenous origin.

e Determination of the potentially unavoidable endogenous
background levels as a reference for the mitigation of
€xogenous exposure.

Note: The SKLM considers the mitigation measures suc-
cessfully applied in recent years for potent genotoxic carcino-
gens to be essential and these should continue to be applied to
achieve reduced overall exposure to genotoxic carcinogens.
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