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Salivary nitrate/nitrite and acetaldehyde in humans: potential
combination effects in the upper gastrointestinal tract and possible
consequences for the in vivo formation of N-nitroso compounds—a
hypothesis
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Abstract

Subsequent to the dietary uptake of nitrate/nitrite in combination with acetaldehyde/ethanol, combination effects resulting
from the sustained endogenous exposure to nitrite and acetaldehyde may be expected. This may imply locoregional effects in
the upper gastrointestinal tract as well as systemic effects, such as a potential influence on endogenous formation of N-nitroso
compounds (NOC). Salivary concentrations of the individual components nitrate and nitrite and acetaldehyde are known
to rise after ingestion, absorption and systemic distribution, thereby reflecting their respective plasma kinetics and parallel
secretion through the salivary glands as well as the microbial/enzymatic metabolism in the oral cavity. Salivary excretion
may also occur with certain drug molecules and food constituents and their metabolites. Therefore, putative combination
effects in the oral cavity and the upper digestive tract may occur, but this has remained largely unexplored up to now. In this
Guest Editorial, published evidence on exposure levels and biokinetics of nitrate/nitrite/NO,, NOC and acetaldehyde in the
organism is reviewed and knowledge gaps concerning combination effects are identified. Research is suggested to be initi-
ated to study the related unresolved issues.
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Introduction

The toxic effects of nitrate/nitrite and thereof derived
N-nitroso compounds (NOC) as well as acetaldehyde and
its precursor ethanol have been well studied after exposure
to the individual compounds. We hypothesize that the com-
bined exposure to nitrate/nitrite and acetaldehyde through
food and alcohol consumption may potentially entail as yet
unexplored local and/or systemic combination effects. The
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concomitant exposure of the epithelium of the aerodigestive
tract to a combination of cytotoxic/genotoxic compounds
may potentially lead to enhanced locoregional transforming
events, for instance as a consequence of enhanced regenera-
tive proliferation of initiated cells in comparison to expo-
sure of the epithelium to the respective single agents (IARC
2010; MAK 2013).

Sustained presence of acetaldehyde and nitrite in saliva
can be expected to occur subsequently to the intake of the
respective precursors ethanol and nitrate (see below). It
is up to now unclear whether effects on tissues in direct
contact with acetaldehyde may be influenced by simulta-
neously enhanced salivary contents of nitrite and cognate
nitrosating agents (NO,) potentially originating from it.
Reliable information on the dosimetry of acetaldehyde/
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nitrite/NO, in association with such combination effects
is not available in the scientific literature.

Systemic effects may be expected as well, especially
regarding in vivo N-nitrosation. It is well known that
aldehydes can act as N-nitrosation catalysts, accelerating
the formation of NOC (Fig. 1). Certain aldehydes can
also modify the pH dependency of N-nitrosation, thereby
leading to NOC formation at pH values close to neutral
(Keefer and Roller 1973). Moreover, and as discussed in
more detail below, given the simultaneous presence in the
upper gastrointestinal tract of dietary constituents like the
amino acid cysteine, a ring closure reaction with acetalde-
hyde to methylthiazolidine carboxylic acid (MTCA) and
its N-nitroso product, N-nitroso-2-methylthiazolidine-
4-carboxylic acid (NMTCA), may take place (Fig. 2). Of
note, NMTCA (and other such nitrosated amino acids) is
neither mutagenic nor carcinogenic (Ohshima et al. 1982,
1984; Ohshima and Bartsch 1988). In consequence, this
ring closure/N-nitrosation reaction may be conceived as a
detoxification pathway for both, nitrite and acetaldehyde,
when co-occurring with amino acids such as cysteine.

To substantiate potential research objectives, back-
ground information on exposure levels, biokinetics and
potential effects of nitrate/nitrite, NOC and acetaldehyde
in the organism is presented, with special reference to
saliva and the oral cavity.
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The total body burden of nitrate and nitrite for a long
time was conceived to essentially reflect dietary intake
and environmental exposure until the discovery of an
additional and significant contribution accountable to
endogenous nitrate biosynthesis. The latter was reported to
be markedly increased after endotoxin treatment of exper-
imental animals (Wagner et al. 1983). Later on, it was
shown that the activation of mouse macrophages induces
the formation of nitrite and nitrate and that L-arginine
functioned as the precursor (Marletta et al. 1988). Sub-
sequently, Hevel et al. (1991) discovered that the forma-
tion of nitrite and nitrate occurred through NO genera-
tion by the inducible nitrogen oxide synthase, similar to
NO formation in endothelial cells, in which case NO was
identified as the endothelium-derived relaxation factor
that induces vascular smooth muscle relaxation (Palmer
et al. 1988). The Senate Commission on Food Safety
(SKLM) of the German Research Foundation (Deutsche
Forschungsgemeinschaft, DFG) has extensively reviewed
the complex metabolic network between nitrate, nitrite
and NO,. In its 2014 Opinion, the SKLM stated: “In the
organism, nitrate and nitrite may function as an alternative
source for nitrogen monoxide (NO), an important and mul-
tifaceted physiological signaling molecule, normally gen-
erated from arginine by NO synthases (NOS). Although
NO is rather short-lived, it may react under oxidative
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Fig. 1 N-Nitrosation catalysis by aldehydes (scheme modified from Keefer and Roller (1973)). Nonenzymatic nitrosation occurs smoothly under
neutral and basic conditions in the presence of appropriate catalysts, e.g., formaldehyde
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Fig.2 Formation of N-nitroso-2-methylthiazolidine-4-carboxylic acid
(NMTCA; R =CHj; scheme modified from Ohshima et al. (1984)): a
ring closure reaction with acetaldehyde to methylthiazolidine carbox-

conditions, i.e., in the presence of oxygen and/or reac-
tive oxygen species (ROS) to give rise to nitrite (NO,"),
nitrate (NO;7) as well as nitrosyl peroxide (NOOH) and/
or corresponding radical/ionic intermediates contributing
to oxidative/nitrosative damage. These NO-derived spe-
cies may lead to an array of reaction products under cel-
lular or in vivo conditions, including N-, S- and O-nitroso
compounds as well as nitro derivatives of amino acids,
peptides, proteins and DNA bases. The biological activi-
ties of such NO-related secondary products have not been
fully explored up to now. They may include pharmacologi-
cal effects, e.g., on blood vessels and blood pressure, the
induction of oxidative stress/inflammation and ultimately
the endogenous formation of NOCs.” (Habermeyer et al.
2015, and references therein).

In vitro effects of nitrite/NO/NO, on cells of the human
upper aerodigestive tract have been studied, for instance,
in HA1 fibroblasts, thereby showing a reduction in clono-
genic survival (40% at 1.7 mM NO in the medium), with
a stronger efficacy in glutathione-depleted cells (Walker
et al. 1995). Varying effects on cell proliferation such as a
concentration- and time-dependent decrease in proliferation
and an enhanced mRNA expression for several interleukins
and tumour necrosis factor a (TNFa) were observed in the
human gastric adenocarcinoma cell line AGS exposed to
sodium nitrite up to a concentration of 25 mM for 72 h (Sun
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ylic acid (MTCA) and its N-nitroso product, N-nitroso-2-methylthia-
zolidine-4-carboxylic acid (NMTCA)

et al. 2006). Moreover, nitrite was reported to exert genotox-
icity in some in vitro and in vivo genotoxicity assays (IARC
2010).

EFSA (2008) considered different scenarios to estimate
nitrate exposure levels and calculated a mean dietary nitrate
uptake for adults of 157 mg/day, equivalent to 2.6 mg/kg
body weight/day, based on a body weight of 60 kg. How-
ever, a large interindividual variability of exposure levels
was observed. In humans, nitrate excreted in urine has been
reported to exceed the amount ingested. Thus, endogenous
nitrate biosynthesis in humans has been shown to occur at
a level of about 10 pmol/kg body weight/day, equivalent to
about 0.7 mg/kg body weight/day or roughly 50 mg/day for
a person weighing 70 kg (Tannenbaum et al. 1978; Green
etal. 1981).

Exposure to exogenous nitrite is estimated to predomi-
nantly result from residual nitrite used as an additive in meat
products. Based on the detailed individual food consump-
tion data combined with average occurrence data on nitrites
in foods, mainly for cured meat products, a mean dietary
consumer exposure to nitrites of 5-30 pg/kg body weight/
day and 9-60 pg/kg body weight/day was assessed for the
adult population and children in the EU, respectively (EFSA
2010). Some minor additional contribution may result from
nitrite present in vegetables but is deemed negligible, if
good agricultural and household practices are adhered to.
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Moreover, nitrite is formed from nitrate by chemical and/or
microbiological reduction, a process that may occur in the
environment, during food processing or (inadequate) food
storage and also in the organism. Orally ingested nitrate is
rapidly absorbed in the upper gastrointestinal tract and dis-
tributed via the blood circulation. Whenever it encounters
appropriate reducing conditions in the mammalian host and/
or its microbiome, it will undergo partial conversion into
nitrite and/or related nitrosating agents.

Figure 3 illustrates the biokinetics of nitrite formation
from ingested nitrate in the human oral cavity. Ingested
nitrate rapidly distributes through the blood circulation
after absorption from the upper gastrointestinal tract.
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, salivary nitrate is partially converted into nitrite
by oral and commensal microbial reductases (Eisenbrand
et al. 1980). Moreover, it has been shown that increased
salivary nitrite production resulting from nitrate intake
enhances oral nitric oxide production in humans (Duncan
et al. 1995).

The oral cavity harbours the second largest and diverse
microbiota after the gut with over 700 species of bacteria
and other microorganisms, including fungi, viruses, archaea
and protozoa (Deo and Deshmuk 2019). The principal bacte-
ria genera detected in the healthy oral cavity are summarized
in Table 1.
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Fig. 3 Kinetics of the dietary components nitrate, nitrite, ethanol, acetaldehyde and nitrosatable precursors (scheme modified from Habermeyer
et al. (2015)). AcA acetaldehyde, EtOH ethanol, NO,™ nitrite, NO;™ nitrate, NOC N-nitroso compounds, NOP nitrosatable precursors

Table 1 Principal bacterial genera in the healthy oral cavity (Marsh 2000)

Gram-positive bacteria
Cocci

Rods
Rothia

Gram-negative bacteria
Cocci
Rods

Moraxella, Neisseria, Veillonella

Abiotrophia, Peptostreptococcus, Streptococcus, Stomatococcus

Actinomyces, Bifidobacterium, Corynebacterium, Eubacterium, Lactobacillus, Propionibacterium, Pseudoramibacter,

Campylobacter, Capnocytophaga, Desulfobacter, Desulfovibrio, Eikenella, Fusobacterium, Hemophilus, Leptotrichia,

Prevotella, Selemonas, Simonsiella, Treponema, Wolinella




Approximately 25% of the orally ingested nitrate is
secreted through the salivary glands and up to about 7% of
the totally ingested nitrate becomes converted to nitrite in
the oral cavity during enterosalivary circulation (Spiegel-
halder et al. 1976; Tannenbaum et al. 1976). The average
increase of nitrite concentration in human saliva was found
to be 20 ppm nitrite per 100 mg nitrate ingested (Spiegel-
halder et al. 1976). Saliva-derived nitrite may contribute to
NOC formation in the stomach when N-nitrosatable com-
pounds are present.

NO, represent a further group of potentially relevant
endogenous nitrosating agents. In contrast to nitrite, which
requires an acidic environment to generate NOC, NO, can
give rise to NOC under neutral or even basic conditions.
In the mammalian organism, nitrate, nitrite and NO, are
metabolically interconvertible. Amongst NO,, nitrogen
monoxide (NO) is preeminent because it works as a mul-
tifaceted physiological signalling agent that is consistently
generated by NO synthases in the organism from the amino
acid arginine. Nitrate and nitrite, whether endogenously syn-
thesized or taken up from exogenous sources, are known as
alternative sources for endogenous NO. NO itself is not a
nitrosating agent, but may give rise to nitrosating intermedi-
ates under certain conditions. The physiological aspects of
NO chemistry may be categorized into direct and indirect
effects (Grisham et al. 1999). On the one hand, under nor-
mal physiological conditions and at relatively low rates of
NO production, direct effects are conceived to be based on
those reactions in which NO interacts directly with a bio-
logical molecule or target to exert regulatory and/or anti-
inflammatory functions. On the other hand, indirect effects
are conceived as reactions mediated by NO-derived interme-
diates such as reactive nitrogen oxide species derived from
the reaction of NO with oxygen or superoxide when fluxes of
NO are enhanced. The latter types of reactions may predomi-
nate during periods of active inflammation (Grisham et al.
1999). Such inflammatory conditions occur for instance
during infections induced by bacteria, parasites or viruses
and have been shown to favour the enhanced biosynthesis of
NO, nitrite and nitrate (SKLM 2014 and references therein;
Habermeyer et al. 2015).

The WHO International Agency of Research on Can-
cer (IARC) concluded that there is inadequate evidence in
experimental animals for the carcinogenicity of nitrate and
limited evidence for the carcinogenicity of nitrite (IARC
2010). However, IARC (2010) also stated that there is suffi-
cient evidence in experimental animals for the carcinogenic-
ity of nitrite in combination with amines or amides, through
NOC formation. Moreover, IARC concluded that ingested
nitrate or nitrite under conditions that result in the en-doge-
nous nitrosation of secondary amines and amides and the
subsequent generation of NOC is probably carcinogenic to
humans (Group 2A; TARC 2010).
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It is well established that numerous drugs are also
secreted into saliva after their absorption and distribution
through the blood circulation, often to an extent that allows
the monitoring of blood levels of the parent drug and/or its
metabolite(s) through measurements in saliva. Following a
simultaneous or prior nutritional nitrate uptake in amounts
as brought about by the consumption of nitrate-rich veg-
etables, part of the ingested nitrate will be recirculated
and secreted into saliva to become partially converted into
nitrite in the oral cavity. This may entail a potential risk
of N-nitrosation of a simultaneously excreted drug and/or
its metabolites in the upper gastrointestinal tract. Drugs for
which in vivo N-nitrosation in saliva and gastric juice has
compellingly been documented are, amongst others, ami-
dopyrine and piperazine (Bellander et al. 1985; Bellander
1990; Spiegelhalder 1990). Public and scientific interest in
drugs as potential targets for N-nitrosation has been renewed
by recent reports of the European Medicines Agency (EMA)
and the U.S. Food and Drug Administration (FDA) on trace
contaminations of carcinogenic nitrosamines in many drugs
(EMA 2020; FDA 2021). It may be inferred that in addition
to the generic risk of contamination, certain drug molecules
may also carry a risk of endogenous nitrosation, as already
reported many years ago (Spiegelhalder 1990; Bellander
et al. 1985; Bellander 1990). Although progress in elucidat-
ing causes of contamination and in developing mitigation
measures to avoid contamination of drugs has recently been
achieved, the potential additional risk of in vivo nitrosation
remains largely unexplored up to now. Of note, not only
drugs and their metabolites, but also food constituents may
share the described biokinetic properties, in other words to
some extent they may undergo enterosalivary circulation
after having been absorbed from the gastrointestinal tract.
Furthermore, up to the present time, there are no data avail-
able that would allow to estimate the potential effect of acet-
aldehyde on the in vivo formation of NOC.

Beyond undergoing enterosalivary circulation, nitrosat-
able food constituents may be prone to endogenous N-nitro-
sation when encountering nitrosating agents anywhere in
the body. Endogenous NOC formation has been exempli-
fied especially for N-nitrosatable secondary amino acids
like proline (Knight et al. 1991), hydroxyproline (Ohshima
et al. 1982) as well as thiazolidine-4-carboxylic acid and
congeners (Ohshima et al. 1984). The corresponding NOC,
formed from the respective amino acids following nutritional
uptake and/or during digestion, are excreted almost quanti-
tatively with urine. In volunteers, ingestion of nitrate has
been demonstrated to lead to enhanced urinary excretion of
N-nitrosated amino acids (Ohshima et al. 1982; Ohshima
and Bartsch 1988).

Of note, enhanced ingestion of cysteine entails enhanced
urinary excretion of N-nitrosothiazolidine-4-carboxylic acid
(NTCA) and N-nitroso-2-methylthiazolidine-4-carboxylic
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acid (NMTCA), as reported by Ohshima et al. (1984). For-
mation of these thiazolidine-based biomarkers of endog-
enous nitrosation requires the presence of formaldehyde
(NTCA) or acetaldehyde (NMTCA) to enable the formation
of the respective thiazolidine ring structures. Thus, excre-
tion of NTCA and NMTCA in urine not only reflects the
in vivo presence of nitrosating agents but also that of formal-
dehyde and/or acetaldehyde, both of which are physiological
intermediates of energy metabolism and/or may be taken
up with food as aldehydes or their parent alcohols. Since
the above-mentioned N-nitrosated amino acids are neither
mutagenic nor carcinogenic, they are utilized as valuable
surrogate biomarkers for the in vivo formation of potentially
carcinogenic NOC.

Acetaldehyde

Some reports describe effects in human primary aerodiges-
tive or gastrointestinal tract cells exposed to acetaldehyde at
mM concentrations. This included reversible effects on the
proliferation and adherence of human gingival fibroblasts
(Cattaneo et al. 2000), the transient up-regulation of mRNAs
for inflammatory mediators in human nasal respiratory epi-
thelial cells (Gosepath et al. 2006) or the induction of oxida-
tive stress and mitochondrial damage at uM concentrations
in the human intestinal goblet-like cell line LS174T (Elamin
et al. 2014). In a variety of different experimental test sys-
tems, acetaldehyde has been reported to exert cytotoxic and
genotoxic effects (MAK 2013).

Following ingestion of ethanol with food and/or alco-
holic beverages, the concentration of acetaldehyde in saliva
increases (Homann et al. 1997). The rise of salivary acetal-
dehyde has been found to be primarily governed by micro-
bial metabolism mediated by the microbiome of the oral cav-
ity (Homann et al. 1997; Helminen et al. 2013). According to
this model, the absorbed ethanol after systemic distribution
circulates back to saliva from blood to become converted
to acetaldehyde (Fig. 3). Kinetics are characterized by an
instant increase of salivary acetaldehyde, followed by a
long-term phase, lasting as long as ethanol is present in the
circulation and excreted into saliva. In addition to micro-
bial metabolism in the oral cavity, enzymatic conversion of
ethanol by human alcohol dehydrogenases and other dehy-
drogenases (to a minor extent also by CYP 450s) contrib-
utes to ethanol metabolism and clearance in connection with
aldehyde dehydrogenases (ALDHs). The latter mediate rapid
acetaldehyde turnover by oxidation to acetic acid. The prime
transient metabolite, acetaldehyde, is considered a genotoxic
and carcinogenic agent that also may cause mucosal irrita-
tion at high concentrations (Hartwig et al. 2020). Epide-
miological observations suggest dose-dependent higher risks
(expressed as odds ratios, ORs) for oropharyngeal cancer

in humans with deficiency of aldehyde dehydrogenases
(ALDH2-deficients) as compared to ALDH2-proficient
humans (Salaspuro 2020). This genetic defect is supposed
to result in enhanced local (or even systemic) exposure in
the upper digestive tract to acetaldehyde.

After administration of a standard dose of ethanol
(0.5-0.6 g/kg body weight; observation period 30-180 min),
salivary acetaldehyde concentrations (approx. 24-53 uM)
were approx. tenfold higher than the blood acetaldehyde
concentrations in ALDH2-active individuals (Yokoyama
et al. 2008). Under these experimental conditions, substan-
tially higher acetaldehyde concentrations were measured in
blood (up to 25 pM), saliva (up to 76 pM) and gastric juice
(up to 47 uM) of ALDH2-deficient individuals than those
in blood, saliva and gastric juice of ALDH2-proficient indi-
viduals (Yokoyama et al. 2008; Maejima et al. 2015).

Additional exposure to acetaldehyde may occur via food,
since acetaldehyde is not only naturally present in many
foods, but is also used as a flavoring agent. In the latter con-
text, it should be mentioned that acetaldehyde is included
in the list of flavoring substances that may be used in or on
foods in the European Union and has “Generally Recognized
as Safe” (GRAS) status in USA. The available estimates of
acetaldehyde exposure from food are based on limited data.
Exposure to acetaldehyde resulting from its use as a flavour-
ing agent was estimated, based on its production volume and
the exposed population, by various consultative bodies in
Europe, USA and Japan to range between 9.6 and 19.2 mg/
person/day (0.14-0.27 mg/kg body weight/day; JECFA
1998; Burdock 2004; FSC 2005; BfR 2010). Total food-
related exposure was estimated, based on limited literature
data in combination with typical consumption data, to range
between 2 and 112 mg/person/day (0.03—1.6 mg/kg body
weight/day (FSC 2005; Lachenmeier et al. 2010).

Open research questions

The salivary microbiome is considered to play a major role
regarding the locoregional biokinetics of acetaldehyde,
nitrite and NOC in the upper digestive tract. However, mam-
malian metabolism within the host may also play an impor-
tant role, contributing to endogenous ethanol/acetaldehyde
exposure and to sustained formation of nitrate/nitrite and
NOC. In this context, it remains to be established whether
these agents in combination may elicit potentially adverse
effects, not only in the upper digestive tract but also at other
locations in the organism. Conversely, it may also be possi-
ble that endogenous formation of noncarcinogenic NOC may
contribute to the reduction of the endogenous formation of
carcinogenic NOC and/or of acetaldehyde (through forma-
tion of NMTCA), thereby representing a protective effect.



Taken together, saliva-mediated enhanced locoregional
exposure of the upper gastrointestinal tract to potentially
toxic/genotoxic agents in a combination comprising acetal-
dehyde (and/or ethanol), nitrite and NOC has not been taken
into consideration up to now. It is, therefore, proposed to
investigate potential local and systemic combination effects,
based on physiologically based biokinetic (PBBK) model-
ling of nitrite/ acetaldehyde biokinetics, to uncover locore-
gional cell and tissue responses to the simultaneous exposure
with nitrite and acetaldehyde and to monitor biomarkers for
systemic effects, with special attention to the modified uri-
nary output of NOC and relevant metabolites.

Suggested studies

To test the hypothesis and address these open questions,
well-designed experimental research is required, based on
adequate in vitro and model systems that allow to explore
the influence of the three relevant constituents (nitrite,
acetaldehyde and amino compounds) on the generation of
genotoxic/mutagenic agents under various simulated physi-
ological conditions.

Such research may be performed using dynamic in vitro
test systems, simulating pH variation and peristaltic gut
motion and modelling the passage of digestives through
the human upper gastrointestinal tract, as, e.g., described
by Krul et al. (2004). This human gastrointestinal tract
model system has previously been applied to study endog-
enous nitrosation, as exemplified by NDMA formation from
dimethylamine as a substance of chemical origin or released
from foods such as fish (Krul et al. 2004). Another option
may be to rely on the pig cecum model to study the vari-
ables influencing intestinal formation of NOC (Engemann
et al. 2013).

As a complement to research based on in vitro models,
human intervention studies with adequate, consumer-rele-
vant intake levels of nitrate and/or ethanol/acetaldehyde may
be conceived to study the influence of the three components
on NOC formation kinetics by monitoring the urinary excre-
tion of NOC and their metabolites, focusing on established
biomarkers such as N-nitroso amino acids (nitrosoproline,
NTCA and NMTCA) or others to be developed.

Based on the data generated from in vitro and human
studies PBBK modelling may additionally be conducted to
inform about internal dosimetry of nitrate/nitrite/NOX/NOC
and acetaldehyde.

In addition, the potential scavenging effect of endogenous
N-nitroso amino acid formation that may decrease or even
protect from the generation of carcinogenic NOC may be
studied in the above model systems. To achieve this goal, a
representative biomarker for the dosimetry of carcinogenic
NOC formation may be required. Dihydrouracil (DHU) is
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an intermediate of mammalian metabolism, consistently
formed from uracil by dihydropyrimidine dehydrogenase
and detected in human plasma and urine. Amounts of DHU
excreted in urine of healthy humans have been reported to
range from about 2 to 10 mg/day (Wang et al. 2013). The
corresponding NOC, N-nitrosodihydrouracil (N-DHU), is a
hepatocarcinogenic, DNA carboxyethylating agent (Bulay
et al. 1979; Wang et al. 2013). Further marker molecules
may be of use as N-nitrosation biomarkers as well, including
certain drug molecules recently found to be prone to NOC
contamination (EMA 2020).

Acknowledgements This manuscript results from an activity of the
Senate Commission on Food Safety (SKLM) of the German Research
Foundation (DFG), in particular of the working group on food constitu-
ents. The authors wish to thank the DFG for their continuous support
of the SKLM Commission.

Funding This study was funded by Deutsche Forschungsgemeinschaft,
HE 2509/15-11.

References

Bellander T (1990) Nitrosation of piperazine after oral intake or inhala-
tion exposure. In: Eisenbrand G, Bozler G, von Nicolai H (eds)
The significance of N-nitrosation of drugs: series drug develop-
ment and evaluation, vol 16. Gustav Fischer Verlag, Stuttgart,
pp 213-232

Bellander T, Osterdahl BG, Hagmar L (1985) Formation of N-mono-
nitroso piperazine in the stomach and its excretion in the urine
after oral intake of piperazine. Toxicol Appl Pharmacol 80:193—
198. https://doi.org/10.1016/0041-008x(85)90075-4

BfR (2010) Gesundheitliche Bewertung von Acetaldehyd in alko-
holischen Getridnken. https://www.bfr.bund.de/cm/343/gesun
dheitliche_bewertung_von_acetaldehyd_in_alkoholischen_getra
enken.pdf. Accessed 19 Feb 2022

Bulay O, Mirvish SS, Garcia H, Pelfrene AF, Gold B, Eagen M (1979)
Carcinogenicity test of six nitrosamides and a nitrosocyanamide
administered orally to rats. J Natl Cancer Inst 62:1523-1528

Burdock GA (2004) Fenaroli’s handbook of flavour ingredients. CRC
Press, Boca Raton

Cattaneo V, Cetta G, Rota C, Vezzoni F, Rota MT, Gallanti A, Boratto
R, Poggi P (2000) Volatile components of cigarette smoke: effect
of acrolein and acetaldehyde on human gingival fibroblasts
in vitro. J Periodontol 71:425-432. https://doi.org/10.1902/jop.
2000.71.3.425

Deo PN, Deshmukh PR (2019) Oral microbiome: unveiling the funda-
mentals. J Oral Maxillofac Pathol 23:122-128. https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC6503789/

Duncan C, Dougall H, Johnston P, Green S, Brogan R, Leifert C, Smith
L, Golden M, Benjamin N (1995) Chemical generation of nitric
oxide in the mouth from the enterosalivary circulation of dietary
nitrate. Nat Med 1:546-551. https://doi.org/10.1038/nm0695-546

EFSA (2008) Nitrate in vegetables—scientific opinion of the panel on
contaminants in the food chain. EFSA J 689:1-79

EFSA (2010) Statement on nitrites in meat products—scientific opinion
of the panel on food additives and nutrient sources added to food.
EFSAJ 8:1538



1912

Eisenbrand G, Spiegelhalder B, Preussmann R (1980) Nitrate and
nitrite in saliva. Oncology 37:227-231. https://doi.org/10.1159/
000225441

Elamin E, Masclee A, Troost F, Dekker J, Jonkers D (2014) Cyto-
toxicity and metabolic stress induced by acetaldehyde in human
intestinal LS174T goblet-like cells. Am J Physiol Gastrointest
Liver Physiol 307:G286-G294. https://doi.org/10.1152/ajpgi.
00103.2014

EMA (2020) Nitrosamine impurities in human medicinal products.
Assessment Report EMEA/H/A-5(3)/1490 of the European
Medicines Agency. https://www.ema.europa.eu/en/human-regul
atory/post-authorisation/referral-procedures/nitrosamine-impur
ities. Accessed 19 Feb 2022

Engemann A, Focke C, Humpf H-U (2013) Intestinal formation of
N-nitroso compounds in the pig cecum model. J Agric Food
Chem 61:998-1005. https://doi.org/10.1021/jf305040e

FDA (2021) Information about nitrosamine impurities in medications
(content current as of 18th November 2021). https://www.fda.
gov/drugs/drug-safety-and-availability/information-about-nitro
samine-impurities-medications. Accessed 19 Feb 2022

FSC (2005) Evaluation report of food additives: acetaldehyde. Japan
Food Safety Commission. https://www.fsc.go.jp/english/evalu
ationreports/foodadditive/acetaldehyde_report.pdf. Accessed
19 Feb 2022

Gosepath J, Brieger J, Muttray A, Best S, Pourianfar M, Jung D, Let-
zel S, Mann WJ (2006) mRNA induction and cytokine release of
inflammatory mediators during in vitro exposure of human nasal
respiratory epithelia to acetaldehyde. Inhal Toxicol 18:1083—
1090. https://doi.org/10.1080/08958370600945549

Green LC, Ruiz de Luzuriaga K, Wagner DA, Rand W, Istfan N,
Young VR, Tannenbaum SR (1981) Nitrate biosynthesis in
man. Proc Natl Acad Sci USA 78:7764-7768. https://doi.org/
10.1073/pnas.78.12.7764

Grisham MB, Jourd’Heuil D, Wink DA (1999) Nitric oxide. I. Physi-
ological chemistry of nitric oxide and its metabolites: implica-
tions in inflammation. Am J Physiol 276:G315-G321. https://
doi.org/10.1152/ajpgi.1999.276.2.G315-G321

Habermeyer M, Roth A, Guth S, Diel P, Engel K-H, Epe B, Fiirst P,
Heinz V, Humpf H-U, Joost H-G, Knorr D, de Kok T, Kulling
S, Lampen A, Marko D, Rechkemmer G, Rietjens I, Stadler RH,
Vieths S, Vogel R, Steinberg P, Eisenbrand G (2015) Nitrate
and nitrite in the diet: how to assess their benefit and risk for
human health. Mol Nutr Food Res 59:106-128. https://doi.org/
10.1002/mnfr.201400286

Hartwig A, Arand M, Epe B, Guth S, Jahnke G, Lampen A, Mar-
tus HJ, Monien B, Rietjens IMCM, Schmitz-Spanke S,
Schriever-Schwemmer G, Steinberg P, Eisenbrand G (2020)
Mode of action-based risk assessment of genotoxic carcino-
gens. Arch Toxicol 94:1787-1877. https://doi.org/10.1007/
$00204-020-02733-2

Helminen A, Vikeviinen S, Salaspuro M (2013) ALDH?2 genotype has
no effect on salivary acetaldehyde without the presence of ethanol
in the systemic circulation. PLoS ONE 8:e74418. https://doi.org/
10.1371/journal.pone.0074418

Hevel JM, White KA, Marletta MA (1991) Purification of the in-
ducible murine macrophage nitric oxide synthase. Identification
as a flavoprotein. J Biol Chem 266:22789-22791. https://doi.org/
10.1016/S0021-9258(18)54421-5

Homann H, Jousimies-Somer H, Jokelainen K, Heine R, Salaspuro M
(1997) High acetaldehyde levels in saliva after ethanol consump-
tion: methodological aspects and pathogenetic implications. Car-
cinogenesis 18:1739-1743. https://doi.org/10.1093/carcin/18.9.
1739

TARC (2010) Ingested nitrate and nitrite. Monographs on the evaluation
of carcinogenic risks to humans: ingested nitrate and nitrite, and

cyanobacterial peptide toxins, vol 94. International Agency for
Research on Cancer, Lyon, pp 45-325

JECFA (1998) Safety evaluation of certain food additives and contami-
nants. Food additives series 40. https://www.inchem.org/docum
ents/jecta/jecmono/v040je10.htm. Accessed 19 Feb 2022

Keefer LK, Roller PP (1973) N-nitrosation by nitrite ion in neutral
and basic medium. Science 181:1245-1247. https://doi.org/10.
1126/science.181.4106.1245

Knight TM, Forman D, Ohshima H, Bartsch H (1991) Endogenous
nitrosation of L-proline by dietary-derived nitrate. Nutr Cancer
15:195-203. https://doi.org/10.1080/01635589109514127

Krul CAM, Zeilmaker MJ, Schothorst RC, Havenaar R (2004) Intra-
gastric formation and modulation of N-nitrosodimethylamine in
a dynamic in vitro gastrointestinal model under human physi-
ological conditions. Food Chem Toxicol 42:51-63. https://doi.
org/10.1016/j.fct.2003.08.005

Lachenmeier D, Uebelacker M, Hensel K, Rehm J (2010) Acetalde-
hyde in the human diet: an underestimated risk factor for cancer.
Deut Lebensmit Rundsch 106:30-35. https://doi.org/10.5281/
zen0do.3459148

Maejima R, Iijima K, Kaihovaara P, Hatta W, Koike T, Imatani A,
Shimosegawa T, Salaspuro M (2015) Effects of ALDH2 geno-
type, PPI treatment and L-cysteine on carcinogenic acetaldehyde
in gastric juice and saliva after intragastric alcohol administra-
tion. PLoS ONE 10:e0120397. https://doi.org/10.1371/journal.
pone.0120397

MAK (2013) The MAK collection for occupational health and safety
part I, MAK value documentations 2013. Acetaldehyde. https://
onlinelibrary.wiley.com/doi/pdf/10.1002/3527600418.mb750
7e4413. Accessed 19 Feb 2022

Marletta MA, Yoon PS, Iyengar R, Leaf CD, Wishnok JS (1988) Mac-
rophage oxidation of L-arginine to nitrite and nitrate: nitric oxide
is an intermediate. Biochemistry 27:8706-8711. https://doi.org/
10.1021/bi00424a003

Marsh PD (2000) Role of the oral microflora in health. Microbial Ecol
Health Dis 12:130-137. https://doi.org/10.1080/0891060007
50051800

Ohshima H, Bartsch H (1988) Urinary N-nitrosamino acids as an index
of exposure to N-nitroso compounds. IARC Sci Publ 89:83-91

Ohshima H, Béréziat J-C, Bartsch H (1982) Monitoring N-nitrosamino
acids excreted in the urine and feces of rats as an index for endog-
enous nitrosation. Carcinogenesis 3:115-120. https://doi.org/10.
1093/carcin/3.1.115

Ohshima H, O’Neill IK, Friesen M, Béréziat J-C, Bartsch H (1984)
Occurrence in human urine of new sulphur-containing N-nitros-
amino acids N-nitrosothiazolidine 4-carboxylic acid and its
2-methyl derivative, and their formation. J Cancer Res Clin Oncol
108:121-128. https://doi.org/10.1007/BF00390983

Palmer RMJ, Ashton DS, Moncada S (1988) Vascular endothelial cells
synthesize nitric oxide from L-arginine. Nature 333:664—-666.
https://doi.org/10.1038/333664a0

Salaspuro M (2020) Local acetaldehyde: its key role in alcohol-related
oropharyngeal cancer. Visc Med 36:167-173. https://doi.org/10.
1159/000507234

SKLM (2014) Opinion on nitrate and nitrite in the diet: an approach to
assess benefit and risk for human health. Adopted on April 15th
2014. https://www.dfg.de/download/pdf/dfg_im_profil/reden_
stellungnahmen/2014/sklm_opinion_nitrate_nitrite.pdf. Accessed
10th Feb 2022

Spiegelhalder B (1990) Influence of dietary nitrate on in-vivo nitrosa-
tion of amidopyrine in humans: use of “ethanol effect” for biologi-
cal monitoring of N-nitrosodimethylamine in urine. In: Eisenbrand
G, Bozler G, von Nicolai H (eds) The significance of N-nitrosation
of drugs: series drug development and evaluation, vol 16. Gustav
Fischer Verlag, Stuttgart, pp 199-212



Spiegelhalder B, Eisenbrand G, Preussmann R (1976) Influence of die-
tary nitrate on nitrite content of human saliva: possible relevance
to in vivo formation of N-nitroso compounds. Food Cosmet Toxi-
col 14:545-548. https://doi.org/10.1016/s0015-6264(76)80005-3

Sun J, Aoki K, Wang W, Guo A, Misumi J (2006) Sodium nitrite-
induced cytotoxicity in cultured human gastric epithelial cells.
Toxicol Vitro 20:1133-1138. https://doi.org/10.1016/j.tiv.2006.
02.005

Tannenbaum SR, Weisman M, Fett D (1976) The effect of nitrate intake
on nitrite formation in human saliva. Food Chem Toxicol 14:549—
552. https://doi.org/10.1016/s0015-6264(76)80006-5

Tannenbaum SR, Fett D, Young VR, Land PD, Bruce WR (1978)
Nitrite and nitrate are formed by endogenous synthesis in the
human intestine. Science 200:1487-1489. https://doi.org/10.1126/
science.663630

Wagner DA, Young VR, Tannenbaum SR (1983) Mammalian nitrate
biosynthesis: incorporation of '>NHj into nitrate is enhanced by
endotoxin treatment. Proc Natl Acad Sci USA 80:4518-4521.
https://doi.org/10.1073/pnas.80.14.4518

Authors and Affiliations

1913

Walker MW, Kinter MT, Roberts RJ, Spitz DR (1995) Nitric oxide-
induced cytotoxicity: involvement of cellular resistance to oxida-
tive stress and the role of glutathione in protection. Pediatr Res
37:41-49. https://doi.org/10.1203/00006450-199501000-00010

Wang M, Cheng G, Khariwala SS, Bandyopadhyay D, Villalta PW,
Balbo S, Hecht SS (2013) Evidence for endogenous formation of
the hepatocarcinogen N-nitrosodihydrouracil in rats treated with
dihydrouracil and sodium nitrite: a potential source of human
hepatic DNA carboxyethylation. Chem Biol Interact 206:83—89.
https://doi.org/10.1016/j.cbi.2013.07.010

Yokoyama A, Tsutsumi E, Imazeki H, Suwa Y, Nakamura C, Mizu-
kami T, Yokoyama T (2008) Salivary acetaldehyde concentration
according to alcoholic beverage consumed and aldehyde dehydro-
genase-2 genotype. Alcohol Clin Exp Res 32:1607-1614. https://
doi.org/10.1111/§.1530-0277.2008.00739.x

Gerhard Eisenbrand’ - Matthias Baum? - Alexander T. Cartus? - Patrick Diel® - Karl-Heinz Engel® - Barbara Engeli® -

Bernd Epe’ - Tilman Grune® - Sabine Guth®

- Dirk Haller'®'" . Volker Heinz'? - Michael Hellwig'? -

Jan G. Hengstler® - Thomas Henle' - Hans-Ulrich Humpf'® - Henry Jiger'® - Hans-Georg Joost'” - Sabine Kulling'® -
Dirk W. Lachenmeier'® - Alfonso Lampen?® - Marcel Leist?' - Angela Mally?? - Doris Marko?? - Ute Nothlings2* -
Elke Rohrdanz?® - Angelika Roth® - Joachim Spranger?® - Richard Stadler?’ - Stefan Vieths?® . Wim Witjen?° -

Pablo Steinberg®®

1" Kiihler Grund 48/1, 69126 Heidelberg, Germany

Solenis Germany Industries GmbH, Fiitingsweg 20,
47805 Krefeld, Germany

3 Chemservice S.A., 13, Fausermillen, 6689 Mertert,
Luxembourg

Department of Molecular and Cellular Sports Medicine,
Institute of Cardiovascular Research and Sports Medicine,
German Sport University Cologne, Am Sportpark
Miingersdorf 6, 50933 Cologne, Germany

Chair of General Food Technology, Technical University
of Munich, Maximus-von-Imhof-Forum 2, 85354 Freising,
Germany

Risk Assessment Division, Federal Food Safety
and Veterinary Office (FSVO), Schwarzenburgstrasse 155,
3003 Bern, Switzerland

Institute of Pharmaceutical and Biomedical Sciences,
University of Mainz, Staudinger Weg 5, 55128 Mainz,
Germany

Department of Molecular Toxicology, German Institute
of Human Nutrition (DIfE), Arthur-Scheunert-Allee 114-116,
14558 Nuthetal, Germany

Leibniz Research Centre for Working Environment
and Human Factors (IfADo), Ardeystr. 67, 44139 Dortmund,
Germany

10 7IEL, Institute for Food and Health, Technical University
of Munich, 85354 Freising, Germany

Chair of Nutrition and Immunology, Technical University
of Munich, Gregor-Mendel-Str. 2, 85354 Freising, Germany

German Institute of Food Technologies (DIL),
Prof.-von-Klitzing-Str. 7, 49610 Quakenbriick, Germany

Institute of Food Chemistry, Technical University
of Braunschweig, Schleinitzstr. 20, 38106 Braunschweig,
Germany

Department of Food Chemistry, TU Dresden, Bergstrasse 66,
01069 Dresden, Germany

Institute of Food Chemistry, Westfélische
Wilhelms-Universitidt Miinster, Corrensstralle 45,
48149 Miinster, Germany

Institute of Food Technology, University of Natural
Resources and Life Sciences (BOKU), Muthgasse 18,
1190 Vienna, Austria

Department of Experimental Diabetology, German Institute
of Human Nutrition (DIfE), Arthur-Scheunert-Allee 114-116,
14558 Nuthetal, Germany

Department of Safety and Quality of Fruit and Vegetables,
Federal Research Institute of Nutrition and Food, Max
Rubner-Institut, Haid-und-Neu-Strafe 9, 76131 Karlsruhe,
Germany

Chemisches und Veterindruntersuchungsamt Karlsruhe,
WeiBenburger Strafle 3, 76187 Karlsruhe, Germany

20 Risk Assessment Strategies, Bundesinstitut fiir

Risikobewertung (BfR), Max-Dohrn-Strafie 8-10, Berlin,
Germany



1914

21

22

23

24

25

In Vitro Toxicology and Biomedicine, Department
Inaugurated by the Doerenkamp-Zbinden Foundation,

University of Konstanz, Box 657, 78457 Konstanz, Germany

Department of Toxicology, University of Wiirzburg,
Versbacher Str. 9, 97078 Wiirzburg, Germany

Department of Food Chemistry and Toxicology, Faculty
of Chemistry, University of Vienna, Wihringer Straf3e 38,
1090 Vienna, Austria

Department of Nutrition and Food Sciences, Nutritional
Epidemiology, Rheinische Friedrich-Wilhelms University
Bonn, Friedrich-Hirzebruch-Allee 7, 53115 Bonn, Germany

Unit Reproductive and Genetic Toxicology, Federal
Institute for Drugs and Medical Devices (BfArM),
Kurt-Georg-Kiesinger Allee 3, 53175 Bonn, Germany

26

27

28

29

30

Department of Endocrinology and Metabolic Medicine,
Campus Benjamin Franklin, Charité University Medicine,
Hindenburgdamm 30, 12203 Berlin, Germany

Institute of Food Safety and Analytic Sciences, Nestlé
Research Centre, Route du Jorat 57, 1000 Lausanne 26,
Switzerland

Federal Institute for Vaccines and Biomedicines,
Paul-Ehrlich-Institut, Paul-Ehrlich-Strale 51-59,
63225 Langen, Germany

Institut fiir Agrar- und Erndhrungswissenschaften,
Martin-Luther-Universitit Halle-Wittenberg, Weinbergweg
22, 06120 Halle (Saale), Germany

Federal Research Institute of Nutrition and Food, Max
Rubner-Institut, Haid-und-Neu-Strafe 9, 76131 Karlsruhe,
Germany





