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1. Introduction

The Senate Commission on Food Safety (SKLM) of the German Research

Foundation (DFG) has reviewed the currently available data in order to assess
the health risks associated with the use of acetaldehyde as a flavoring
substance in foods. Acetaldehyde is genotoxic in vitro. Following oral intake of
ethanol or inhalation exposure to acetaldehyde, systemic genotoxic effects of
acetaldehyde in vivo cannot be ruled out (induction of DNA adducts and
micronuclei). At present, the key question of whether acetaldehyde is
genotoxic and mutagenic in vivo after oral exposure cannot be answered
conclusively. There is also insufficient data on human exposure.

Consequently, it is currently not possible to reliably assess the health risk
associated with the use of acetaldehyde as a flavoring substance. However,
considering the genotoxic potential of acetaldehyde as well as numerous data
gaps that need to be filled to allow a comprehensive risk assessment, the
SKLM considers that the use of acetaldehyde as a flavoring may pose a safety
concern. For reasons of precautionary consumer protection, the SKLM
recommends that the scientific base for approval of the intentional addition of
acetaldehyde to foods as a flavoring substance should be reassessed.

Acetaldehyde (ethanal; Chemical Ab-
stract Service [CAS] No. 75-07-0; Euro-
pean Commission [EC] No. 200-836-8)
occurs naturally in many foods, includ-
ing alcoholic beverages as a by-product
of alcoholic fermentation. Due to its
fruity aroma, acetaldehyde is also used
as a flavoring substance. Acetaldehyde
is listed in the European register of
flavoring substances (Regulation [Euro-
pean Union (EU)] No 872/2012 and [EC]
No 1334/2008)2! and has “Generally
Recognized as Safe” (GRAS) status in
the US.Bl As a flavoring substance,
acetaldehyde was evaluated by the Joint
FAO/WHO Expert Committee on Food
Additives (JECFA) in 1997. The Com-
mittee at that time concluded that there
were no health concerns concerning
the use of acetaldehyde as a flavoring
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substance.l*! In contrast, the International Agency for Research
on Cancer (IARC) classified acetaldehyde as “possibly carcino-
genic to humans (Group 2B)” and, in combination with its
oral intake via alcoholic beverages, as “carcinogenic to humans
(Group 1)”.15] According to the criteria set out in Regulation
(EC) No 1272/2008 (Classification, Labeling and Packaging [CLP]
regulation),l®] acetaldehyde is globally harmonized classified as
Carc. 1B (Carcinogenicity category 1B: may cause cancer) and
Muta. 2 (Germ cell mutagenicity category 2: suspected of caus-
ing genetic defects) and thus meets the criteria of a CMR sub-
stance (substances that are classified as carcinogenic, mutagenic,
and/or toxic for reproduction). In light of the classification of
acetaldehyde by IARC, the Committee for Food Additives, Fla-
vorings and Processing Aids of the German Federal Institute
for Risk Assessment (BfR-LAV Committee) previously discussed
whether the use of acetaldehyde as a flavoring substance is still
justifiable.l”) However, based on the data available in 2010, it was
not possible to arrive at a conclusive assessment on the safety of
acetaldehyde as a flavoring substance.”] Considering the key role
of local acetaldehyde formation in the pathogenesis of alcohol-
related oropharyngeal cancer, which is comprehensively summa-
rized in ref. [8], the Senate Commission on Food Safety (SKLM)
of the German Research Foundation (DFG) discussed the cur-
rent data base on acetaldehyde and examined whether new find-
ings have become available that would allow an assessment of
the health risk associated with the use of acetaldehyde as a fla-
voring substance. Thus, with the aim to re-assess the safety of
acetaldehyde as a flavoring substance and to identify knowledge
gaps that need to be filled to allow a science based risk assess-
ment, the SKLM updated the current state of knowledge on the
formation, occurrence, exposure, biotransformation, genotoxic-
ity, and carcinogenicity of acetaldehyde, with a focus on new data
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available since the BfR-LAV Committee assessment. In particular,
the SKLM considered systemic and local effects after oral intake
of acetaldehyde, including the possible impact of polymorphisms
of xenobiotic metabolizing enzymes, and the relative contribu-
tion of acetaldehyde as a flavoring substance to the overall human
exposure to acetaldehyde.

2. Previous Scientific Opinions and Legal
Regulations

Asaflavoring in food, acetaldehyde has GRAS status. This was es-
tablished by the US Food and Drug Administration (FDA)® and
by JECFA or, following the concept of the GRAS Notification
Program of the FDA, by the Expert Panel of the Flavor and Ex-
tract Manufacturers Association (FEMA).[' Acetaldehyde is also
included in the European list of flavorings.[®]

Considering production figures and estimated intake levels in
Europe and the US, JECFA identified acetaldehyde as one of the
toxicologically important aliphatic substances of a group of 38
flavorings.l*] Based on a tiered safety assessment of flavorings,
JECFA assigned acetaldehyde to the class I of chemicals accord-
ing to Cramer et al.[!!] This class includes substances with a sim-
ple chemical structure that are rapidly metabolized to harmless,
non-toxic substances, indicating low oral toxicity. The acceptable
intake of class I substances of 1800 ug per person per day (corre-
sponding to 30 ug kg~! body weight [bw] per day for a person with
a bw of 60 kg) was defined by JECFA as the upper limit to be able
to assign a flavoring to the class I of chemicals and to be able to
designate it as harmless to health.[*] JECFA estimated the intake
of acetaldehyde at 9700-11 000 ug per person per day which ex-
ceeds the defined upper limit of class I flavorings. However, since
acetaldehyde is completely metabolized to endogenous products,
and the endogenous level of these metabolites would not give rise
to perturbations beyond the physiological range, JECFA consid-
ered acetaldehyde to be free of any safety concern as a flavoring
agent.[*] Nowadays, acetaldehyde is still assigned to Cramer class
I. However, when applying the threshold of toxicological con-
cern (TTC) decision tree, 0.15 pg day~! (or 0.0025 pg kg™! bw per
day) would result as TTC level since there is a genotoxicity con-
cern/structural alert (second question in the TTC decision tree as
given by the European Food Safety Authority [EFSA](1213]). Intake
values estimated for acetaldehyde exceed the TTC value of 0.15
pg day~! which would lead to the conclusion “Risk assessment
requires a non TTC approach/compound-specific toxicity data”.

Based on inadequate evidence on the carcinogenicity in hu-
mans, but sufficient evidence from animal studies, IARC as-
signed acetaldehyde to group 2B, i.e., “possibly carcinogenic
to humans”.[**] Subsequent studies showed mechanistic evi-
dence for a possible involvement of acetaldehyde from ethanol
metabolism in tumor development in individuals with aldehyde
dehydrogenase (ALDH, EC 1.2.1.3) deficiencies. In such individ-
uals a substantially increased risk of developing alcohol-related
cancers, in particular of the esophagus and other regions of the
upper aerodigestive tract, was observed. Based on this evidence,
acetaldehyde associated with the consumption of alcoholic bev-
erages was classified as “carcinogenic to humans” (Group 1),!%]
while acetaldehyde itself is still classified as “possibly carcino-
genic to humans” in the IARC group 2B. The advisory group of
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IARC selected acetaldehyde in 2019 with a high priority for re-
evaluation.[!®]

The Food Safety Commission of Japan (FSCJ) concluded in
2005 that acetaldehyde, inhaled at high concentrations (750-3000
mL m™), is carcinogenic and exhibits characteristics of geno-
toxicity. However, data on genotoxicity in cancer-target organs
was not available.['”] It was noted that the estimated exposure
via the use of acetaldehyde as a flavoring of 9.6-19.2 mg per per-
son per day (0.192-0.384 mg kg~! bw per day; calculated with
the Japanese average bw of 50 kg) exceeds the value of 1800
pg day™!, the upper limit for Cramer class I substances.l*! FSC]
further noted that higher amounts of acetaldehyde are ingested
through consumption of foods containing acetaldehyde as a nat-
ural constituent, such as fruit and alcoholic beverages, than those
due to its addition as a flavoring. Assuming a low oral bioavail-
ability of acetaldehyde due to ALDH mediated metabolism in
the gastrointestinal mucosa, rapid protein binding, and effec-
tive first pass metabolism in the liver, FSCJ concluded that only
minute amounts are expected to reach the systemic circulation. It
was also pointed out that acetaldehyde was a biogenic substance
that had been used as a flavoring in the US and Europe many
years without any health hazards being reported. Although in-
take levels exceeded the acceptable daily intake for class I sub-
stances, FSCJ concluded that there were no safety concerns re-
garding the use of acetaldehyde as a flavoring agent because of its
rapid metabolism to innocuous biogenic substances and the no-
tion that presumed intake-related acetaldehyde levels in the blood
would not exceed the physiological range.!'”]

In 2008, the Permanent Senate Commission for the In-
vestigation of Health Hazards of Chemical Compounds in
the Work Area (MAK Commission) of the DFG assigned ac-
etaldehyde to carcinogenicity category 5 [Substances that cause
cancer in humans or animals or that are considered to be
carcinogenic for humans and for which an MAK (maximum
workplace concentration) value can be derived. A genotoxic
mode of action is of prime importance but is considered to
contribute only very slightly to human cancer risk, provided
the MAK and BAT values are observed. The classification and
the MAK and BAT (biological tolerance value for occupational
exposure) values are supported by information on the mode of
action, dose-dependence and toxicokinetic data. (Extracted from
MAK and BAT list, available online: https://series.publisso.de/
sites/default/files/documents/series /mak/lmbv/Vol2021/1ss2/
Doc002/mbwl_2021_eng.pdf)].1*8° If the MAK value of 50
mL m~ in the air at the workplace (291 mg m™) is taken
into account and assuming that the retained acetaldehyde (i.e.,
the proportion not exhaled again) is completely systemically
available, this results in an additional lifetime exposure of 1.0
pmol L' blood. This compares to an endogenous lifetime
exposure to acetaldehyde, for which a blood level of 2.2 + 1.1
pumol L' has been assumed(#2% (cf. Section 3.2). According to
MAK, the contribution of occupational acetaldehyde exposure
is, even in the worst case, within the range of the standard
deviation of the endogenous exposure, so that no significant
contribution to systemic cancer risk in humans is to be expected.
This assumption is supported by the absence of systemic tumors
in animal experiments at acetaldehyde concentrations that cause
local tumors.['819] At that time, however, it was unclear whether
local (geno)toxic effects were to be expected at a concentration of
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50 mL m~3, as no studies on DNA cross-linking or DNA adducts
in the nasal mucosa were available at this concentration.'81°]

In a proposal put forward by a working group of the two DFG
Senate Commissions, MAK and SKLM, on the risk assessment
of genotoxic carcinogens based on their mechanisms of action,
acetaldehyde was discussed as an example.l?!] In this context, a
dose-dependent increase in DNA adduct levels (determined by
reduction of the primary Schiff base formed upon reaction of
acetaldehyde with amino groups of DNA bases) was observed
in various in vitro and in vivo studies (cf. Section 6.3.). The
working group pointed out that the biological significance of the
identified DNA adducts for the mutagenicity and carcinogenicity
of ethanol and acetaldehyde has not yet been fully elucidated.l*!]
It was noted that the assessment must consider that ethanol and
acetaldehyde are also formed endogenously, e.g., during amino
acid metabolism.?!l Studies indicated that the background of en-
dogenously formed DNA adducts ranges from 13 to 150 adducts
per 10® nucleotides in humans, with considerable intra- and in-
terindividual differences.*!]

The use of acetaldehyde as an ingredient in cosmetic products
was evaluated by the Scientific Committee on Cosmetic Prod-
ucts and Non-Food Products intended for consumers (SCCNFP)
in 2004 and by the Scientific Committee on Consumer Safety
(SCCS) in 2012.123] According to SCCNFP, acetaldehyde could be
safely used as a fragrance/flavor ingredient at a maximum con-
centration of 0.0025% in the fragrance compound.[’’) In 2004,
no further restrictions were recommended. According to esti-
mates by SCCNFP, such exposure does not pose an increased
lifetime cancer risk (cf. Section 7.2). This assessment was ap-
plied to acetaldehyde presentin the fragrance fraction of cosmetic
products; other sources of ethanol or acetaldehyde in cosmetic
products were not considered.[??*) In a reassessment, SCCS con-
cluded that acetaldehyde should not be used as an intention-
ally added ingredient in cosmetic products, except for the use
as a fragrance/flavor ingredient at a maximum concentration of
0.0025% in the fragrance compound (corresponding to about 5
ppm in the final product). Furthermore, acetaldehyde should not
be intentionally used in mouth washing products.?*]

The BfR-LAV Committee noted in 2010 that the in vivo geno-
toxicity of acetaldehyde after oral ingestion had not been ade-
quately investigated, but a genotoxic effect could be assumed as
there was sufficient evidence for the genotoxicity of acetaldehyde
in vitro.”] After oral intake, acetaldehyde is efficiently metabo-
lized in the intestine and liver, and it appears unlikely that ac-
etaldehyde will become systemically available.l’] It was assumed
that the genotoxic potential in vivo is limited to tissues directly
exposed such as the upper aerodigestive tract (including mouth
and esophagus), in analogy to formaldehyde. The Committee
concluded that the safety of acetaldehyde when used as flavor-
ing substance could not be finally evaluated and that additional
studies were needed for a final evaluation of acetaldehyde as a
flavoring.l”]

3. Occurrence of Acetaldehyde in Foods
3.1. Literature Review

Acetaldehyde occurs ubiquitously in the environment from both
natural and anthropogenic sources.[?*] Acetaldehyde is listed on
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Table 1. Summary of literature data on the occurrence of acetaldehyde in
foods!?#] (also see full presentation of Volatile Compounds in Food (VCF)
database entries in the Supporting Information).

Food Acetaldehyde content [mg kg™']
Yoghurt 0.7-76
Cheese 0.1-7.5
Apples 0.2-2.2
Pears 7
Blackberries, raspberries 26
Citrus fruits 1.2-230
Strawberries 2-5
Peas? 0.56-2.4
Cucumbers 0.2-2
Carrots 0.45-16.9
Maize 0.7-3.5
Tomatoes 0.015-9
Bread 4.2-9.96
Apple juice 0.2-11.8
Passion fruit and peach juice 3.21-4
Orange juice 0.7-192
Tomato juice 2.31-2.44
Beer 0.6-63
Wine and sparkling wine 2.5-493
Spirits 0.5-800
Honey 0.1-1.7
Vinegar 20-1060

? The VCF database reports a maximum value of 400 mg kg™' for peas. However,
this appears to be a transmission error, as the original study reported this value for
ethanol and not for acetaldehyde (seel?’]). Consequently, the correct value of 2.4
mg kg™ acetaldehyde is shown in Table 1.

the positive list of flavorings that may be used in food produc-
tion in the EU. This list was published by the EC with the Im-
plementing Regulation (EU) No 872/20121) adopting the list of
flavoring substances provided for by Regulation (EC) No 2232/96,
introducing it in Annex I to Regulation (EC) No 1334/2008.21 The
main sources of exposure to acetaldehyde include tobacco smoke,
alcoholic and soft drinks, and foods such as coffee, bread, fruit,
and yoghurt.[?>?7] Acetaldehyde levels in food are summarized in
Table 1 and in the Supporting Information. These tables show
very wide ranges and a high variability of the acetaldehyde con-
tent of foods. In addition to the typical natural variances, these
may occur as a consequence of oxidative and microbial processes
during food storage. Acetaldehyde is produced as a by-product
of natural fermentation processes (e.g., in dairy products such
as yoghurt) and also during microbially induced alcohol forma-
tion, e.g., during storage of sugar containing products such as
fruits and fruit juices. The levels reported in foods therefore al-
ways present a “snapshot”. For this reason, exposure considera-
tions available to date have generally been specified for minimum
and maximum levels to cover the possible range in the form of
best-case and worst-case considerations.

Lifestyle factors such as cigarette smoking and alcohol con-
sumption are considered as major sources of acetaldehyde ex-
posure. Alcoholic beverages can contribute to acetaldehyde expo-
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Table 2. Acetaldehyde concentrations measured in different food groups
in Germany (2000-2020).

Food group Number of Acetaldehyde
samples concentration
[mg L]
Non-alcoholic beverages, beverage mixes, 75;7 > LOD 0.08-9867
beverage powder, also calorie-reduced
products?
Drinking water, mineral water, table water, 857; 252 > LOD 0.00013-966
spring water, water for domestic use?)
Seasonings? 43;27 > LOD 2-148
Flavorings? 8;5> LOD 7-2039
Fruit juices, fruit nectars, fruit syrups, dried 14;0> LOD -
fruit juices®
Fruit juices®) 641; 506 > LOD 1-13

LOD, limit of detection. * Data prl?wded by the German Federal Office of Consumer
Protection and Food Safety (BVL) ' Data provided by the official laboratories for food
and animal health control in the state of Baden-Wiirttemberg, Germany.

sure in two ways. First, acetaldehyde can be present in alcoholic
beverages as a by-product of alcoholic fermentation in substan-
tial amounts(?®l; second, acetaldehyde is produced in the human
body during ethanol metabolism(?*! (cf. Section 5).

3.2. Original Data from Food Control in Germany 2000-2020

Except for alcoholic beverages, standardized methods for deter-
mining acetaldehyde levels in food are not available.[?’] There-
fore, in-house methods based on headspace gas chromatography
(HS-GC) or NMR are typically used by the testing facilities. The
main analytical challenge is to prevent loss of the volatile analyte
during extraction of samples. Extraction of acetaldehyde by steam
distillation is generally considered problematic, as considerable
losses (of up to 30%) may occur. Additionally, this procedure di-
lutes the analyte, which may require an additional extraction step.
Excessive heating during sample preparation should be avoided,
as this not only leads to volatilization but also increases the re-
activity of acetaldehyde. A strong heating (e.g., in the headspace
oven) can also lead to artefactual formation of acetaldehyde from
ethanol, which may explain the very high concentrations of ac-
etaldehyde reported in older studies (see also the comments in
Section 4.2 on identical problems in the analysis of biological
matrices). For this reason, a simple static head space injection
is typically suited. The dynamic variant (“purge and trap”) is not
possible as acetaldehyde adsorbs insufficiently to the used chro-
matographic materials (e.g., Tenax(?’l). NMR, which does not re-
quire heating and calibration, has also proven to be advantageous
for analysis of acetaldehyde in liquid samples such as fruit juices
and lemonades, with a detection limit of 0.7 mg L~1.[2%]

Upon request by the SKLM Working group on Food Con-
stituents, the German Federal Office of Consumer Protection
and Food Safety (BVL) provided data on acetaldehyde levels of
the most important food groups (Table 2). According to BVL, na-
tionally coordinated control programmes did not yet explicitly in-
clude analysis of acetaldehyde in food. The available analytical
data do not allow to distinguish between acetaldehyde content
due to its use as a flavoring or due to its natural occurrence. A

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD) 8AIIe1D) 3 [qedl|dde sy Aq pauenob afe 3ol O 8Sn JO s3I 104 A%eiq1 78Ul UO AB]1M UO (SUONIPUOD-PUR-SWSH W00 A8 | 1M AreIq 1 Bu1 [UO//:SANY) SUOTIPUOD pue SWie | 81 88S *[7Z02/y0/TT] Uo ARiq1Taulluo A8|IM SEISBAIUN By uneN-¥ed Aq T99002Z0Z 1JUl/Z00T OT/I0P/W00™AS| 1M AReiq 1 |puluoy//sdiy Wwoy papeojumoq ‘€2 ‘€202 ‘EETYETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

M@llar Nutrition

www.advancedsciencenews.com

total of 16 052 official food control data sets from 2000 to 2020
were available. Most data related to alcoholic beverages. For ex-
posure assessment of acetaldehyde as a flavoring substance, ac-
etaldehyde levels in other food groups, e.g., non-alcoholic bev-
erages, mineral water, fruit juices, were of particular interest.
However, in most cases only small data sets were available, pre-
sumably due to the lack of standardized analytical methods in
these matrices. Analytical data of 75 samples were available in
the food group “Non-alcoholic beverages, beverage mixes, bev-
erage powder, also calorie-reduced products”; in seven samples
(9%) the levels of acetaldehyde were above the detection limit (2x
flavored mineral water, 3x lemonade, 2x mix of soft drinks). The
reported levels covered a wide concentration range from 0.08 to
9867 mg L' (90th percentile 7451 mg L'). The two highest levels
were reported in flavored mineral water (measured values from
2006): 9867.05 mg L' (non-packaged) and 5840 mg L' (bottle
made of polyethylene terephthalate [PET]). These two levels are
significantly higher than the other values quantified in this food
group and also higher than the values quantified for other food
groups (except alcoholic beverages), which may indicate analyti-
cal errors or errors in the reporting.

High levels of acetaldehyde were also found in the food group
“Drinking water, mineral water, table water, spring water, water
for domestic use”. A total of 857 samples were analyzed; 252 sam-
ples were above the detection limit (29%). In 20 samples (2.3%),
the concentration of acetaldehyde was above 6 mg L™, in 17 sam-
ples (2%) above 100 mg L1 (95th percentile 222 mg L™1). All 20
samples with high acetaldehyde content were PET bottled waters.
The specific migration limit for acetaldehyde from PET bottles is
6 mg L. Up to this limit value, adverse health effects were ruled
out by the BfR.3% With few exceptions, the reported levels were
generally below the migration limit. To further investigate this
issue, the SKLM Working Group on Food Constituents also re-
quested data on acetaldehyde levels from the food industry. The
data sets obtained (n = 285) on acetaldehyde levels in water from
PET bottles indicate that the values are more likely to be in the
one to two-digit pg L~! range and in many samples even below
the detection limit (<10 pg L™'). Currently, a conclusive assess-
ment of the range of content levels in the food group “Drinking
water, mineral water, table water, spring water, water for domes-
tic use” cannot be made. Data from the food industry on other
food groups are not yet available.

In the food group “Seasonings”, 43 samples were examined,
predominantly different types of vinegar. Twenty-seven samples
were above the detection limit in a range of 2-148 mg L™!. In
the food group “Flavorings”, eight samples were analyzed and
acetaldehyde content levels of 7-2039 mg L~! were detected (six
samples; two samples < LOD). In the food group “Fruit juices,
fruit nectars, fruit syrups, dried fruit juices”, all 14 samples were
below the detection and quantification limit. In a larger-scale in-
vestigation of this food group (mainly fruit juices) by the offi-
cial laboratories for food and animal health control in the state
of Baden-Wiirttemberg, Germany, using NMR (n = 641, fruit
juices), an average acetaldehyde content of 1.66 mg L~! was deter-
mined (95th percentile: 4 mg L '). Acetaldehyde was not detected
in 135 samples (21%), and levels of 1-13 mg L~! were measured
in 506 samples (79%) (data from the official laboratories for food
monitoring and animal health in Baden-Wiirttemberg from 2010
to 2020). The two highest values of 12 and 13 mg L™! were mea-
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sured in pure apple juice. Fats and oils were also examined by the
official laboratories for food and animal health control in Baden-
Wiirttemberg. In these samples, only traces of acetaldehyde were
detected, with a maximum concentration of 137 pg kg™".

A statistical evaluation of the BVL data on alcoholic beverages
from the years 2000 to 2020 showed that there is no evidence of a
trend over time for wine. Beer and brandy showed slight trends,
at the border of statistical significance, which are more likely to
be accounted for by data quality. In the case of beer, in particu-
lar, there are inconsistencies (very high levels in individual years,
which may be due to incorrectly transmitted values from the test-
ing facilities to the BVL). In summary, it can be concluded that
the content levels in wine, beer and brandy are largely stable or
have only changed to a minimal extent over time.

Overall, there is still a lack of representative data on acetalde-
hyde content levels in the most important food groups, such as
non-alcoholic beverages, mineral and table water, fruit juices and
nectars, flavorings, seasonings, dairy products (e.g., yoghurt, ke-
fir) and bakery products (e.g., yeast dough pastries).

4. Exposure

4.1. Exposure Estimations Found in the Literature

There are no detailed and up-to-date exposure assessments on ac-
etaldehyde, e.g., based on systematic chemical analyses and con-
sumption studies. It is also not possible to obtain quantitative es-
timates based on the declaration of foodstuffs, since acetaldehyde
is hidden in the ingredient “flavoring” as a group designation and
does not require separate labeling. There is thus a large knowl-
edge gap as to how much acetaldehyde is added to foods, making
it necessary to systematically analyze the acetaldehyde content of
the most important food groups.

Overall, the database is insufficient to perform a reliable as-
sessment of human exposure to acetaldehyde. Based on limited
data available in the literature, at best only rough estimates of
human exposure to acetaldehyde can be made (Table 3). Cur-
rently, there are also no biomarkers that would allow differen-
tiation between ethanol exposure and acetaldehyde exposure (cf.
Section 4.3).

In 1998, JECFA estimated exposure to acetaldehyde as a
flavoring in Europe based on the total acetaldehyde production
for flavorings of 300 t in Europe in 1995.1*1 Using this approach,
an average daily intake of 9.7-11 mg per person per day was
estimated (approx. 0.14-0.16 mg kg™' bw per day for a per-
son weighing 70 kg) (Table 3). Fenaroli's Handbook of Flavor
Ingredientsl®!l used industry data to estimate a similar exposure
of 0.16 mg kg™! bw per day. The Food Safety Commission of
Japan estimated the daily intake of acetaldehyde resulting from
its use as a food additive to be 9.6-19.2 mg per person (corre-
sponding to 0.14-0.27 mg kg~! bw for a person weighing 70 kg)
and stated that this was probably around 20% of the total intake
of acetaldehyde from food.l'”] Based on these values, an overall
daily acetaldehyde exposure via food (100%) of 0.7-1.35 mg kg™
bw may be estimated. This calculation matches very well with
another exposure estimate for food, which was carried out based
on an extensive literature analysis (more than 600 data sets) in
the Volatile Compounds in Food (VCF) database and test results
from food monitoring in Baden-Wiirttemberg.?l Assuming
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Table 3. Overview of estimates of direct daily intake of acetaldehyde via food.
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Reference Food category Daily intake of acetaldehyde via food

[mg absolute] [mg kg™" body weight]?)
1203] 40-80 (Worst case 200) 0.57-1.14 (Worst case 2.9)
1] Flavored foods 9.7-11 0.14-0.16
31 Flavored foods 1.2 0.16
07 Flavored foods 9.6 (Europe), 19.2 (US) 0.14 (Europe), 0.27 (US)
17] Flavored foods 12.9-15.4 0.18-0.22
[24.27] Based on data from Food 2-108 0.03-1.54

refs. [28, 32, 33]

[204] Fruit juice, wine

0.6 (Fruit juice)-9 (wine) 0.009 (Fruit juice)-0.13 (wine)

? Calculated for a body weight of 70 kg.

typical consumption levels, a daily acetaldehyde exposure via food
0f 0.03-1.54 mg kg~! bw was estimated(?”-23233] (see Table 3). For
children with a bw of 12-15 kg, an intake of 0.27-0.33 mg kg™
bw may be estimated based on consumption of 1 L of apple
juice containing 4 mg L' acetaldehyde (95th percentile, cf.
Section 3.2).

In 2010, the BfR-LAV Committee estimated human exposure
to acetaldehyde resulting from its use as a flavoring. For this pur-
pose, the “Maximized Survey-Derived Daily Intake” (MSDI) ap-
proach was used, which is based on the annual production vol-
ume reported by producers and population numbers.”] Taking
into account the population of the 15 EU countries in 2004, the
BfR-LAV Committee obtained an MSDI value of 15.4 mg per per-
son per day. Based on the population of 25 EU countries in 2005
(10 countries joined the EU on May 1, 2004), an MSDI value of
12.9 mg per person per day was calculated.

An alternative exposure assessment to the MSDI approach
based on the “Theoretical Added Maximum Daily Intake”
(TAMDI) or the modified TAMDI (mTAMDI) approach was
not possible at that time because the necessary data were not
available.l”] The TAMDI approach involves calculation of expo-
sure based on the assumption that the consumer will consume a
fixed amount (standard portions) of flavored food and beverages
day-to-day and that these items will always contain the specific
flavoring at its specified upper use level. The mTAMDI approach
involves taking the normal use levels instead of the upper use
levels.

Overall, there is a lack of data on acetaldehyde in food, both
from natural sources as well as deliberate addition as a flavoring
substance, and thus reliable assessment of human dietary expo-
sure to acetaldehyde is currently not possible.

4.2. Endogenous Background

Acetaldehyde is formed endogenously in mammalian interme-
diary metabolism, e.g., during oxidative decarboxylation of pyru-
vate or in the course of amino acid metabolism, e.g., threo-
nine aldolase-mediated degradation of threonine.['] Oxidative
decarboxylation of pyruvate has been reported to be catalyzed
by the enzyme pyruvate dehydrogenase and results in the pro-
duction of acetyl-CoA.B* In the course of the reaction free
acetaldehyde is released from the decarboxylating component
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of this multienzyme complex.?*] Furthermore, acetaldehyde is
formed by microorganisms, including those that colonize the hu-
man and animal oral cavity and intestine.'8! It was suggested
that non-oxidative decarboxylation of pyruvate catalyzed by pyru-
vate decarboxylase is involved in glucose-derived acetaldehyde
formation and that alcohol dehydrogenase (ADH, EC 1.1.1.1)
and NADH oxidase are involved in ethanol-derived acetaldehyde
formation.['3435] Microbial acetaldehyde production is affected
by environmental conditions (pH, oxygen level). Anaerobic com-
mensal microorganisms form acetaldehyde and ethanol from
glucose.l*! Under aerobic or microaerobic conditions, for exam-
ple, near the mucosal surfaces, facultative anaerobic, and aerobic
microorganisms form acetaldehyde from endogenous or exoge-
nous ethanol or acetaldehyde and ethanol from glucose (details of
proposed metabolic pathways see e.g.[*]). The ability to eliminate
locally formed acetaldehyde by microorganisms and the mucosa
is limited, leading to accumulation of acetaldehyde in saliva and
gastric juice of humans and in colonic contents of experimental
animals.[3638]

In humans, a relatively broad endogenous concentration range
of <0.5-3.6 umol acetaldehyde L~ blood is reported in the liter-
ature (3.6 + 1.0 pmol L13%; >2.5 pmol L~1*0); 1.25 pmol L-1#;
< 1 umol L7112l <0.5 pmol L~11*3). According to Fukunaga et al.,
acetaldehyde from exogenous or endogenous sources can be
present in the blood in “free, loosely bound and more strongly
bound” forms.[?’] Depending on sample preparation and analyt-
ical method, these forms are detected in different ways, which
might partly explain the reported wide concentration range.
However, the terms “free,” “loosely bound,” and “more strongly
bound” are not well defined, but examples for forms of bound
acetaldehyde will be given below (Section 4.3.3). In particu-
lar, earlier data on the endogenous formation of acetaldehyde
must be critically questioned against the background of arte-
fact formation of acetaldehyde mainly by oxidation of blood al-
cohol during sample preparation or in the gas chromatographic
system.[*3#4] A lifetime endogenous exposure to acetaldehyde of
2.2 + 1.1 pmol L~ blood was assumed for the assessment by the
MAK Commission!'8] and the BfR-LAV Committee,l’! resulting
from the lowest mean endogenous acetaldehyde concentration
in whole blood.[?!

This value derives from the original study by Fukunaga
et al. for samples analyzed after perchloric acid (PCA) treat-
ment without separation of the precipitates.[?%! In this study, the
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endogenous acetaldehyde concentrations in the blood of healthy
individuals without alcohol use disorders were investigated by
means of headspace GC using different sample preparation
methods (no processing, hemolysis, treatment with PCA). The
formation of acetaldehyde artefacts during sample preparation
or the analytical process was observed in all applied methods,
protein precipitation with PCA being the least problematic in
this respect. However, according to the authors small artefactual
portions due to formation from ethanol during sample prepara-
tion cannot be ruled out. In whole blood with PCA precipitates,
which also contained the bound acetaldehyde, the acetaldehyde
concentration was higher (2.2 + 1.1 pM), while lower levels were
detected in whole blood after centrifugation of the precipitates
(0.7 + 0.5 um ). Low acetaldehyde levels of 0—1 pm were detected in
plasma.

A study by Helander et al., in which the distribution of free
and bound acetaldehyde in the blood was investigated by HPLC,
arrived to a similar conclusion.I*!l In plasma, acetaldehyde lev-
els were generally below the detection limit (0.2 pm), whereas
significantly higher levels were detected in whole blood (>2.5
um).[*01 The value for whole blood was determined after PCA
precipitation without centrifugation of the total sample. About
70% of the total content was identified as bound (i.e., PCA-
insoluble) acetaldehyde. The authors concluded that most of the
endogenously circulating acetaldehyde in the blood is more or
less reversibly associated with erythrocytes/hemoglobin (Hb).
This bound fraction also remained at the same level after ad-
dition of ethanol to the blood sample before PCA treatment or
in blood samples from subjects after ethanol intoxication. Arte-
factual formation of acetaldehyde was found in both cases only
in the soluble fraction of the supernatant. This means that — as
already stated by the MAK Commission — the formation of ac-
etaldehyde artefacts interfered only with the determination of
the “free” or “total” acetaldehyde, not with the determination
of the acetaldehyde that was “bound” in the blood.!'®! The phys-
iological relevance and availability of the bound acetaldehyde
fraction in peripheral tissues remain unclear.*”! The potential
artefactual formation of acetaldehyde during the analyses there-
fore remains a problem and should be rechecked, e.g., by test-
ing control blood spiked with different ethanol concentrations
and treated in the same way as the blood samples.[***3] Further-
more, some studies have shown that degradation of acetaldehyde,
e.g., to acetate, could also occur during sample preparation and
analysis.[*]

Some authors assume low to non-detectable concentrations
of “free” or “loosely bound” acetaldehyde (<0.5 umol L) in the
blood provided that there is no genetic deficiency in ALDH2
activity or chronic heavy alcohol consumption.[*}] Based on the
extrapolation of respiratory acetaldehyde concentrations, which
are easier to determine than acetaldehyde concentrations in
blood, Eriksson estimated a very low endogenous blood acetalde-
hyde concentration in the range of 0.00-0.05 umol L=l In
fasting subjects without alcohol use disorders, acetaldehyde
concentrations between 0.7 and 11 ng L™! (i.e., between 0.016
and 0.25 nmol L™!) were determined in the breath,*] which
correspond to an acetaldehyde concentration in the blood of
0.004-0.05 pm after application of a conversion factor.[**] The
only recent study published after the assessment by the MAK
Commission reported low endogenous blood acetaldehyde
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concentrations (<1 pumol L~1*2). However, no information on
the data basis is provided; thus, the study appears inadequate for
assessment. There are no other studies available on this topic.

In the opinion of the SKLM, the data available on endogenous
acetaldehyde formation is very limited, and no reliable estimate
of the endogenous exposure to acetaldehyde can be made at the
present time.

Studies on endogenous background levels of DNA adducts
specific for acetaldehyde (especially N?-ethylidene-dG, cf. Section
6.3) support the assumption that endogenous acetaldehyde for-
mation occurs in the organism, which should be taken into ac-
countin the assessment. As summarized by MAK and SKLM, the
endogenous background of acetaldehyde-derived DNA adducts
in humans ranges from 13 to 150 adducts per 10® nucleotides,
indicating considerable differences among individuals.[?!]

4.3. Biomarkers of Exposure

In principle, acetaldehyde in blood or saliva as well as
acetaldehyde-related DNA or protein adducts in blood or tissue
samples may be used to monitor endogenous or exogenous ex-
posure to acetaldehyde.

4.3.1. Free Acetaldehyde in Blood and Saliva

As mentioned above, it is at present difficult to reliably esti-
mate the endogenous acetaldehyde concentration in blood. Re-
ported levels range between 0.5 and 3.6 um (~0.1 mg L~1).[18] In
healthy adults, the concentration of acetaldehyde in blood was
shown to correlate with ethanol intake and ALDH genotype.[*647]
In ALDH2-deficient subjects (ALDH2*1/*2, cf. Section 5), max-
imum acetaldehyde concentrations of 50-60 um were measured
after consumption of 0.25-0.75 g ethanol kg~! bw [Based on a
body weight of 70 kg, 0.25-0.75 g ethanol kg~! bw corresponding
to an intake of 17.5-52.5 g ethanol per person may be achieved
by consumption of 440-1320 mL beer (5% vol), 180-540 mL
wine (12% vol), or 55-165 mL spirit (40% vol)]. In subjects with
an active genotype (ALDH2*1/*1), significantly lower maximum
blood acetaldehyde concentrations of <10 um were reached with
the same ethanol dose. In a study in premature infants, the con-
centration of acetaldehyde in blood was determined after admin-
istration of two medicinal preparations, iron and furosemide,
containing ethanol (0.3%-7.5%). The concentration of acetalde-
hyde in blood was increased in both treatment groups (iron: me-
dian: 0.16 mg L1, range 0-8.89 mg L~!; furosemide: median:
0.21 mg L7!; range: 0-2.43 mg L~!) as compared to the control
group (median 0.01 mg L1; range: 0-0.14 mg L~1).[“8]

Since acetaldehyde is rapidly and efficiently metabolized af-
ter oral intake (cf. Section 5: “Metabolism and toxicokinetics”),
it seems unlikely that acetaldehyde present in food is systemi-
cally bioavailable in the organism for a sufficient period of time.
Consequently, determination of acetaldehyde in blood does not
seem to be suitable as a biomarker of exposure to acetaldehyde
from food.

Determination of acetaldehyde in saliva is used as a marker for
local exposure of the oral cavity (and the upper digestive tract) to
acetaldehyde. Increased concentrations of acetaldehyde in saliva
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Figure 1. Formation of the Schiff base between the e-amino group of lysine and acetaldehyde and its reduction to N-e-ethyllysine.

are observed after ingestion of alcoholic beverages, use of alcohol-
containing mouthwashes, and smoking.[*! 1-Cysteine can inac-
tivate acetaldehyde and, thus, significantly reduce its concentra-
tion in saliva.[5%53]

Whether consumption of foods containing acetaldehyde also
leads to an increase in the concentration of acetaldehyde in saliva
has been investigated to a very limited extent so far. In human
volunteers, a transient increase in salivary acetaldehyde (from
<20 um before administration to approximately 0.06-1 mwm after
ingestion) was recorded within 30 s of sipping alcoholic bever-
ages with a high acetaldehyde content (470 um to >15.5 mm).*
Within a few minutes, the concentration of acetaldehyde in saliva
dropped again significantly.®* Since local formation of acetalde-
hyde from ethanol is slightly delayed, the authors attributed the
rapid increase in salivary acetaldehyde to acetaldehyde present
in the beverages.>* A similar conclusion was reached in a study
by Linderborg et al., in which the concentration of acetaldehyde
in saliva was determined after sipping calvados (40 vol%) with a
high acetaldehyde content (2400 um) as compared to ethanol (40
v0l%).1°] The concentration of acetaldehyde in saliva (up to 258
um) was significantly higher 30 s after consumption of calvados
as compared to acetaldehyde-free 40 vol% ethanol (89 pm), while
no significant differences were observed after 2, 5, and 10 min.
The area under the curve (AUC) for the concentration of acetalde-
hyde in saliva within 10 min was not significantly different in the
pure ethanol group as compared to the calvados group. The rapid
increase and decline in salivary acetaldehyde concentrations ob-
served after sipping alcoholic beverages containing acetaldehyde
suggest a transiently increased local acetaldehyde exposure of the
oral cavity and the upper digestive tract when consuming foods
with a high acetaldehyde content.

Studies investigating the role of the oral cavity microbiome
in acetaldehyde production revealed an association between ac-
etaldehyde levels in the oral cavity air and bacterial counts, bac-
terial diversity, and relative abundance of Gemella sanguinis, Veil-
lonella parvula, and Neisseria flavescens.®! In esophageal cancer
patients, dental hygiene was reported to reduce bacterial counts
and acetaldehyde levels in the oral cavity air.’’! Alcohol con-
sumption has also been demonstrated to influence the oral cav-
ity microbiome,l®®! and there appears to be an association be-
tween alcohol consumption, poor oral cavity health status, and
increased acetaldehyde levels.>]

4.3.2. DNA Adducts

Acetaldehyde-related DNA adducts may serve as biomarkers
of exposure. After ingestion of a moderate dose of alcohol,
a significant increase in the NZ?-ethylidene-dG levels (quanti-
fied as its reduced form NZ-ethyl-dG; cf. Section 6.3) of up to
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100 times the baseline value was observed in cells of the oral
cavity.l®! Studies on the formation of N2-ethylidene-dG in pe-
ripheral leucocytes provided contradictory results. While alco-
hol ingestion at doses adjusted for each individual to reach a
blood alcohol level of 0.03, 0.05% and 0.07% led to a signifi-
cant increase in the N*-ethylidene-dG levels in peripheral granu-
locytes and lymphocytes,!®! no significant effects on the forma-
tion and persistence of N?-ethylidene-dG in leucocyte DNA were
observed in volunteers after intake of 150 mL vodka (42% pure
ethanol).[®2] However, Balbo et al. pointed out the high intrain-
dividual variability,[®") which suggests that there may be further
significant sources for this DNA adduct besides alcohol.

In rhesus monkeys that consumed an average of 2.3 + 0.8 g
ethanol per kg bw for 1 year, the content of N?-ethylidene-dG,
detected as N?-ethyl-dG, was determined in the DNA of the oral
mucosa, the esophagus, and the mammary gland.[®* Background
adduct levels were comparable in all three tissues. In the alcohol-
exposed group, there was a significant increase in N?-ethylidene-
dG only in the oral mucosa. However, a significant correlation
was found between N?-ethylidene-dG levels in oral mucosa and
esophageal mucosa. Alcohol exposure had no effect on the levels
of N%-ethylidene-dG in the mammary gland.

In ethanol-treated mice, significantly increased N?-ethylidene
dG levels, detected as N?-ethyl-dG, were observed in liver DNA,
which correlated with the ALDH genotype.[%]

4.3.3. Protein Adducts

Acetaldehyde also reacts with the amino groups of free amino
acids, peptides, and proteins. Mainly the N-termini and the side
chains of lysine, histidine, and cysteine are targets of the reaction.
In particular, free cysteine rapidly reacts with acetaldehyde, giv-
ing rise to 2-methylthiazolidine-4-carboxylic acid. Although oc-
currence of 2-methylthiazolidine-4-carboxylic acid in blood can
be attributed to alcohol consumption, its value as a marker for
alcohol intake was questioned due to its low stability.%]
Acetaldehyde first binds to the e-amino group of lysine to form
a Schiff base (N-e-ethylidenelysine), which can be reduced to N-
e-ethyllysine (NEL) in vivo (Figure 1).°¢7] At the N-termini of
peptides resembling the N-terminal region of the Hb chains, the
formation of a cyclic imidazolidinone was suggested(®® but later
attributed to artificial formation during tryptic digestion.[®]
Both the formation of the Schiff base and NEL have been
assessed in human proteins. Alcohol consumption leads to an
increase in acetaldehyde-Hb adducts, which decreases during
the first 5 days after exposure, making those adducts potential
biomarkers for short-term ethanol consumption.[®] Similar to
Hb,, as a marker for the mean blood glucose concentration in
the recent months, acetaldehyde-Hb adducts were proposed as
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markers for alcohol consumption in the preceding months.”?l In
isolated plasma proteins of subjects suffering from alcohol use
disorder (daily consumption of alcohol, 152 + 49 g), the concen-
tration of NEL was significantly higher than in completely absti-
nent control volunteers (1.14 + 0.38 NEL modifications per 1000
lysine vs. 0.26 + 0.07 NEL modifications per 1000 lysine residues,
each n = 10). None of the abstinent persons showed a higher
lysine-to-NEL conversion than any of the persons with alcohol
use disorder.[*’]

Having been hampered by the application of unspecific and
insensitive methods,”!] research regarding the individual struc-
tures formed from acetaldehyde at reactive sites on proteins and
their role as biomarkers of exposure to acetaldehyde and alcohol
is largely lacking.

4.3.4. Conclusion on Biomarkers of Exposure

In summary, information on potential biomarkers of acetalde-
hyde exposure are almost exclusively based on the formation of
acetaldehyde from ethanol. There is a lack of controlled studies
on biomarkers of exposure to acetaldehyde from food to be able
to distinguish the contribution of acetaldehyde intake via food
from endogenous formation and exposure to acetaldehyde from
alcohol. Moeller et al. exposed thymidine kinase (TK) 6 cells to
isotopically labeled [3C,] acetaldehyde and then investigated the
concentration-response relationship for N?-ethylidene-dG as a
biomarker of exposure and for cytotoxicity and the formation of
micronuclei as effect biomarkers over a wide dose range (50 nmM—
2 mm)."2l While the endogenous adduct levels remained almost
constant, a clear increase in the N?-ethylidene-dG levels was ob-
served at a [*C,] acetaldehyde concentration of >1 pm upwards.
The exogenous adduct levels reached the endogenous levels of
N2-ethylidene-dG only at concentrations of acetaldehyde >50 pm.
Statistically significant effects on micronucleus formation were
found at acetaldehyde concentrations >1000 um. The above men-
tioned studies indicate a non-linear concentration-response for
DNA adduct formation and challenge linear extrapolation to low
exogenous acetaldehyde exposures for risk assessment. In vivo
studies confirming these observations are not available up to
NOW.

5. Metabolism and Toxicokinetics

Generally, acetaldehyde can be converted to ethanol via the ADH
enzyme system and to acetic acid through aldehyde dehydroge-
nase 2 (ALDH2) (Figure 2). The reaction catalyzed by ADH is re-
versible. The cosubstrate for the conversion of acetaldehyde to
ethanol is the reduced co-enzyme nicotinamide adenine dinu-
cleotide (NADH/H™), while the cosubstrate for the reverse reac-
tion is the oxidized form of nicotinamide adenine dinucleotide
(NAD*).I”3] The ADH-mediated ethanol oxidation rate is regu-
lated by the enzyme activity but also by the mitochondrial reoxi-
dation of NADH/H™* to NAD*.["*75] Accordingly, ADH-mediated
conversion of acetaldehyde to ethanol can only proceed when
NADH/H" is available, which may be relevant under certain con-
ditions (e.g., during prolonged fasting). Fasting conditions are
considered to slow down the rate of ethanol oxidation!”® (as cited
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Figure 2. Metabolism of acetaldehyde (modified from refs.[73, 78]). ADH,
alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; AODS, antiox-
idative defense system; CYP2ET, cytochrome P450 2E1; NADY, oxidized
form of the co-enzyme nicotinamide adenine nucleotide; NADH/H™, re-
duced form of the co-enzyme nicotinamide adenine dinucleotide; ROS,
reactive oxygen species.

by!”®]), most likely due to limitations in the mitochondrial reoxi-
dation of NADH/H*"7! (as cited by!”)).

Seven isoenzymes of human ADH have been identified and
ADH activity can be detected in almost all tissues.[”®! The isoen-
zymes ADH1B and ADH1C are polymorphically expressed and
the genes encode enzymes that can produce different amounts
of acetaldehyde.[”®! There are two alleles for ADH1B, ADH1B*1
(less active ADH1B) and ADH1B*2 (active ADH1B) and cor-
respondingly three genotypes: ADH1B*1/*1, less active slow
metabolizing ADH1B, ADH1B*1/*2 and ADHI1B*2/*2, active
ADH1B!7 (cf. Section 7.3.2).

The enzyme mainly responsible for the degradation of ac-
etaldehyde is ALDH2. ALDH2 metabolizes acetaldehyde to
acetate, which can be transported out of the cell through a
carrier or converted into acetyl coenzyme A (acetyl-CoA).l”?]
The co-substrate for the reaction is NAD*. The reaction is ir-
reversible, because ALDH is located intramitochondrially and
acetyl-CoA enters different physiological pathways, including
energy metabolism pathways such as the tricarboxylic acid
(TCA) cycle or the oxidative phosphorylation (OXPHOS) path-
way (summarized by’3]). ALDH2 is encoded by the ALDH2
gene, for which two different alleles, ALDH2*1 and ALDH2*2,
are known.”!) The ALDH2*2 allele differs from the normal
ALDH2*1 allele by a nucleotide substitution (G > A) in
the ALDH2 gene, which results in the ALDH enzyme being
largely inactive.[”®) The phenotypic loss of ALDH2 activity is
found in both heterozygous (ALDH2*1/*2) and homozygous
(ALDH2*2/*2) genotypes.I”l Three ALDH2 genotypes are classi-
fied: ALDH2*1/%1, active (100% activity) ALDH2; ALDH2¥%1/%2,
inactive (<10% activity) ALDH2; and ALDH2*2/*2, inactive (0%
activity) ALDH2.”%)

Toxicokinetic data show that acetaldehyde is systemically avail-
able after inhalation and oral uptake and is usually rapidly and ef-
ficiently metabolized.”?#] A detailed discussion of the available
data is presented in refs. [19, 80].
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Inrats (n = 3) exposed to acetaldehyde by inhalation (1-20 mm,
about 44-882 mg L~! = 24 000-480 000 mL m~3) for 1 h, the con-
centration of acetaldehyde in blood immediately after the end of
exposure was 1200 pm and rapidly declined with a half-life of 3.1
min.1"81 Compared to blood, the initial concentrations observed
in the liver were significantly lower (55 pmol kg™!), presumably
due to the rapid metabolism of acetaldehyde, as suggested by the
European Chemicals Agency (ECHA).1980811

After intragastric administration of acetaldehyde to rats, a sim-
ilar half-life of about 3 min was estimated in portal vein blood.[®?]
In this study, rats (n = 4) were administered a single intragas-
tric dose of 9 mg kg~! bw or an intracolonic dose of 5 mg kg~!
bw.[1982] Highest acetaldehyde levels were detected in the portal
blood 5 min after intragastric (235 um) and intracolonic admin-
istration (344 um). The acetaldehyde concentration in the por-
tal blood was about 17 times higher than that in the femoral
vein after liver passage,®?! indicating extensive hepatic first pass
metabolism.[*"]

A rapid first pass effect was also observed in dogs.['?! In male
dogs (n = 6) given a single acetaldehyde dose of 600 mg kg™!
bw by gavage, acetaldehyde plasma levels peaked at 15 min and
rapidly declined thereafter. Oral administration of acetaldehyde
at this dose level caused vomiting, resulting in substantial inter-
individual differences in acetaldehyde plasma levels (<50 pm to
13.6 mm). While this limits the validity of the study to link ac-
etaldehyde exposure to plasma levels, it appears that even high
oral doses of acetaldehyde may only produce a transient increase
in plasma levels due to rapid first pass metabolism.[1%83]

Limited experimental data suggest that acetaldehyde admin-
istered by intraperitoneal (i.p.) injection may be partially trans-
ferred from maternal to fetal blood.®%! In pregnant CD-1 mice
(number of animals not specified) given a single i.p. dose of ac-
etaldehyde of 200 mg kg~! bw on day 10 of gestation, the maxi-
mum concentrations of acetaldehyde (77.3 + 10.3 ug g~!; mean
value + SD) were detected in embryo tissue 5 min after injec-
tion. The corresponding concentrations in the maternal blood
were around 185 + 13.6 uyg mL™! (4.2 mwm). The concentrations
decreased rapidly and were below the detection limit 2 h after the
treatment.[1984)

In humans, a significant uptake (45%-70%) of inhaled ac-
etaldehyde (exposure to 0.4-0.6 pg mL™! [220-330 mL m~3 in-
haled air]) via the respiratory tract was observed after a very short
exposure duration of 45-75 s.11%] There are no data available for
the half-life of acetaldehyde in humans.[*"]

For local (saliva) and systemic (blood) acetaldehyde concen-
trations after intake of acetaldehyde-rich alcoholic beverages
and/or ethanol see Section 4.3.1 (“Free acetaldehyde in blood and
saliva”).

6. Genotoxicity and Mutagenicity

6.1. Genotoxicity In Vitro

Results from genotoxicity tests have been comprehensively de-
scribed and referenced in the reports by the DFG MAK Com-
mission, CERI and by ECHA, and are briefly summarized
herel198086] (see also Table 4). In the Ames test with various differ-
ent Salmonella typhimurium strains, acetaldehyde did not show
mutagenic effects with or without metabolic activation. In fur-
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ther bacterial mutagenicity tests with Escherichia coli, inconsis-
tent results were obtained. In mammalian cells, sister-chromatid
exchanges in human lymphocytes and Chinese hamster ovary
(CHO) cells (starting at acetaldehyde concentrations of 40 and
30 um, respectively) and DNA strand breaks in human lympho-
cytes as well as human gastric mucosa and colon cells (comet
assay, starting at acetaldehyde concentrations of 1.56 and 3 mwm,
respectively) were detected without metabolic activation. DNA
strand breaks were not detected by alkaline elution, but DNA-
DNA cross-links were observed starting at 1.5 mwm acetaldehyde.
In numerous chromosome aberration tests, a clastogenic effect
of acetaldehyde was confirmed (in rat fibroblasts with 0.1 mwm,
in human lymphocytes and human fibroblasts starting at ~0.4
mw, and in CHO cells starting at 1.1 mwm acetaldehyde), whereby
it was not possible to rule out entirely aneugenic effects. In the
hypoxanthine-guanine phosphoribosyltransferase (HPRT) assay
with human lymphocytes and human fibroblasts, as well as in
the TK assay with L5178Y mouse lymphoma cells, mutations in-
duced by acetaldehyde were detected without metabolic activa-
tion (starting at 1.2 and 4 mwm, respectively). Furthermore, ac-
etaldehyde induced micronuclei in human lymphocytes and rat
fibroblasts (starting at 0.6 and 0.5 mwm, respectively). Beginning
at a low millimolar concentration range, acetaldehyde induced
DNA-protein and DNA-DNA cross-links (in human and CHO
cells, among others), though less potently than formaldehyde at
similar concentration ranges. Finally, acetaldehyde induced the
formation of several DNA adducts (especially N%-ethylidene-dG
and methyl-y-hydroxy-N?-propano-deoxyguanosine [CrPdG], see
Figure 3 and Section 6.3).

6.2. Genotoxicity In Vivo

After a single i.p. administration, acetaldehyde was found to
be genotoxic as evidenced by a significant increase in sister-
chromatid exchanges in the bone marrow of mice and hamsters
(at >0.5 mg acetaldehyde kg=' bw), and positive findings in the
mousel 1% and rat micronucleus test (bone marrow and pe-
ripheral blood; at >190 mg acetaldehyde kg~! bw, 24 h) (Table 5).
Further information on toxicity/mortality was not provided in
some of these studies and the purity of the test substance was
sometimes not reported or low (89.4%).[171991 Acetaldehyde was
negative in the micronucleus test with mouse spermatids (125-
500 mg kg~! bw i.p.).[15%

Inhalative (125 and 500 ppm) and oral acetaldehyde admin-
istration (100 mg kg=' bw per day) for 2 weeks significantly
induced micronuclei in reticulocytes and gene mutations in
ALDH2 knock-out mice, but not in wild-type mice.[*>!]

Weak but reproducible somatic mutations and recombina-
tions were observed in Drosophila melanogaster exposed to ac-
etaldehyde (0.18 mwm in the diet).[*>?] Acetaldehyde-induced sex-
linked recessive lethal (SLRL) mutations were also observed in
D. melanogaster after single injection, but not after administra-
tion via feed (Table 5), which may be due to the reaction of ac-
etaldehyde with feed components or due to rapid detoxification
following oral exposure.!1>3]

After inhalation, acetaldehyde caused DNA-protein cross-
links in the respiratory epithelium of rats already after 6 h (start-
ing at 1000 mL m~3), in the olfactory epithelium after 5 days (1000

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. Acetaldehyde mediated DNA adduct formation in vitro (modified from refs. [79, 162]). CrPdG, methyl-y-hydroxy-N2-propano-dG; dG, 2'-

deoxyguanosine; NeG, 1,N?-etheno-dG.

mL m~3, 6 h per day)*>* (Table 5). However, the finding in the
respiratory epithelium was not confirmed in a similar study (rat,
1500 mL m~3, 6 h), although it should be noted that a different
sample processing/determination method was used in the latter
case.l1%]

6.3. DNA Adducts

Acetaldehyde forms DNA adducts with 2’-deoxyguanosine (dG)
in vitro. The main adduct is N?-ethylidene-dG (Figure 3): in
this case acetaldehyde forms a Schiff base with the exocyclic
amino group in the N2-position of dG after elimination of wa-
ter (condensation). This DNA adduct is unstable as a nucleoside,
but relatively stable in DNA with a half-life of around 24 h,[1¢1l

Mol. Nutr. Food Res. 2023, 67, 2200661 2200661 (16 of 29)

which complicates its analysis.””!%?] Through chemical reduc-
tion (e.g., with NaBH,CN), N2-ethylidene-dG can be converted
into the stable and thus analytically more easily detectable N-
ethyl-dG, a reaction that probably also occurs to a limited ex-
tent in vivo, e.g., with glutathione or vitamin C.[13] To the best
of our knowledge, the biological activity of the primary Schiff
base adducts formed, their kinetics, stability under physiologi-
cal conditions and persistence have not been thoroughly inves-
tigated. However, since the basal endogenous levels of N?-ethyl-
dG are low,['*" this nucleoside can be used as a biomarker for
acetaldehyde-related DNA damage. Alcohol and tobacco con-
sumption locally increased the level of this DNA adduct in vivo
(in the oral mucosa, stomach, and esophagus) and systemically
(in the liver) depending on the ALDH genotype in humans
as well as in animal experiments.[60:61:63.6+161,165167] Systemically

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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(in lymphocytes and granulocytes), increased levels of N?-ethyl-
dG (presumably formed from N2-ethylidene-dG after reduction
with NaBH,) were observed in 24 examined patients with al-
cohol use disorders (*2P post-labeling; structural verification by
co-elution with an N?-ethyl-dG standard).'®] On average, 3.4 +
3.8 adducts/107 nucleotides were detected in granulocytes and
2.1 + 0.8 adducts/107 nucleotides in lymphocytes. In 12 volun-
teers with no or only moderate alcohol consumption, the adduct
levels were below the limit of detection of 0.5 adducts/107 nu-
cleotides. It was possible to rule out smoking, a source of ac-
etaldehyde exposure, as a cause for the increased adduct levels
found in the patient group.!'®® In a study of male non-smokers,
no statistically significant exposure-dependent changes in N?-
ethyl-dG adduct levels were detected in the DNA of peripheral
white blood cells (basal level: 34.6 + 21.9 adducts/10® nucleo-
sides) after alcohol consumption,[®?] while in another study, the
levels after ethanol exposure were increased systemically (in lym-
phocytes and granulocytes) and locally 5- and 100-fold, respec-
tively, when compared to the unexposed control group.[0*¢1] N2.
ethyl-dG strongly blocks polymerase « but not polymerase #.11¢"]
Upon inhalation, acetaldehyde resulted in a marked increase in
N?-ethyl-dG adduct levels locally in the nasal pharynx, lung, and
skin of ALDH-deficient mice if compared to wild-type animals,
whereas lower adduct levels were found in the livers of ALDH-
deficient animals when compared to the wild type.'’?! Although
DNA repair does not seem to be a major factor in vivo, the mu-
tagenic potential of N?-ethylidene-dG in vivo is still unclear.!'®]
Because of the instability of N?-ethylidene-dG, N?-ethyl-dG has
been used as a model adduct and thus there is no direct infor-
mation as to the mutagenic potential of N?-ethylidene-dG, or its
susceptibility and/or stability to DNA repair.[1%]

By the reaction of two molecules of acetaldehyde with dG or
one molecule of acetaldehyde with N%-ethylidene-dG, the cyclic
or open-chained a-S-and a-R-configured CrPdG (Figure 3) can
be formed in vitro. Intramolecular and intermolecular DNA-
DNA or DNA-protein cross-links may form after further forma-
tion of a Schiff base with another molecule of dG or by reac-
tion with proteins. CrPdG is responsible for the genotoxic, mu-
tagenic, and carcinogenic effect of crotonaldehyde, from which
this DNA adduct is also directly formed by reaction with dG.[*7]
For this reason, some authors consider CrPdG - in contrast
to N2-ethylidene-dG - to be a toxicologically relevant (geno-
toxic/mutagenic) DNA adduct and biomarker of acetaldehyde.
However, since two molecules of acetaldehyde are required for
the reaction, the formation and, therefore, the toxicological sig-
nificance of this DNA adduct has been questioned in view of
the low acetaldehyde levels detected in humans compared to the
high doses of acetaldehyde in animal studies.!'*1%] Human stud-
ies in smokers were not able to determine whether this adduct
was formed from acetaldehyde or crotonaldehyde, as exposure to
both substances occurs through tobacco smoke. Elevated levels
of CrPdG and N*-ethyl-dG were measured in ALDH-2-deficient
smokers with alcohol use disorder.!'”?! In contrast, no accumula-
tion of CrPdG adducts was observed in ethanol-exposed ALDH2
knock-out mice — while the N?-ethylidene-dG/N?-ethyl-dG levels
strongly increased in the liver and stomach depending on the
genotype.[0417] These data either suggest that CrPdG was not
formed in the mouse after ethanol exposure or that it was ef-
ficiently repaired, e.g., by nucleotide excision repair.'®*/ More-
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over, CrPdG (in contrast to N%-ethyl-dG) was not detected in rhe-
sus monkeys exposed to ethanol.l®3] In a recent study, CrPdG
was detected in lung and brain tissues of rats after inhalation of
13C,-isotope-labeled acetaldehyde (10 ppbv [Parts per billion by
volume of acetaldehyde]; 50 days). This suggests systemic avail-
ability and systemic DNA reactivity of acetaldehyde even at low
inhalation doses such as those found in ambient air of large
cities.['7>174] Mutagenicity studies in vitro showed that both N2
ethyl-dG and CrPdG have mutagenic potential (2!} and references
therein['7>17¢]). However, the potential role of both adducts in
the induction of mutagenicity in vivo or even carcinogenicity re-
mains unclear at the present time.

Furthermore, N?-aldoxane-DNA adducts (see Figure 3) which
are built up from three molecules of acetaldehyde, were detected
in vitro. In this case, 3-hydroxybutanal, the product of the al-
dol addition of two molecules acetaldehyde, reacts with the ex-
ocyclic amine function of dG, thereby giving rise to an imine,
which then cyclizes with another molecule of acetaldehyde to
form N2-aldoxane-dG. Furthermore, acetaldehyde (155 pm) led to
increased levels of another DNA adduct, 1,N?-etheno-dG (NeG)
in human cells.'”7] This DNA adduct probably does not orig-
inate from a direct reaction of acetaldehyde with dG, but is
an indirect product resulting from acetaldehyde-mediated ROS
formation and subsequent induction of lipid peroxidation with
further a,f-unsaturated aldehydes (Figure 3).>'77] The forma-
tion of further acetaldehyde-derived DNA adducts after ethanol
exposure has been reported.[!78]

6.4. Conclusions on Genotoxicity of Acetaldehyde

The currently available data on the genotoxicity and mutagenicity
of acetaldehyde indicate that acetaldehyde is genotoxic in vitro.
The lowest concentrations at which positive results were ob-
tained in in vitro studies were in the range of 3045 pm[?6-134136]
and, thus, in the same range as maximum acetaldehyde con-
centrations reached in plasma of ALDH2-deficient subjects
(ALDH2*1/*2) after consumption of 0.25-0.75 g ethanol kg~!
bw (50-60 um). In subjects with an active ALDH2 genotype
(ALDH2*1/*1) exposed to the same dose of ethanol, however,
maximum blood acetaldehyde concentrations did not exceed 10
um. While this supports the notion that acetaldehyde associated
with alcohol consumption may produce systemic genotoxic ef-
fects, particularly in ALDH2 deficient subjects, there are how-
ever no data on acetaldehyde plasma concentrations in humans
after oral exposure to acetaldehyde via food. Considering its rapid
metabolism and short half-life (approximately 3 min in rats), it
appears unlikely that acetaldehyde concentrations at which mu-
tagenic/genotoxic effects were observed in vitro may be achieved
and sustained in blood following dietary intake.

On the other hand, the few studies investigating acetaldehyde
in saliva after sipping alcoholic beverages with high acetalde-
hyde content suggest high local acetaldehyde concentrations (258
Ml >1 mmPP*) immediately following intake, with a rapid re-
turn to baseline within minutes (see also 4.3.1 “Free acetaldehyde
in blood and saliva”). It is possible that transiently increased lo-
cal acetaldehyde exposure of the oral cavity and the upper diges-
tive tract may also occur when consuming other foods with an
equally high acetaldehyde content, but evidence for this hypothe-
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Table 6. Carcinogenicity studies after oral intake of acetaldehyde.

Food R
www.mnf-journal.com

Species/number of
animals

Study design

Treatment duration Effects

Reference

0, 50, 250, 500, 1500, 2500 mg L™" in
drinking water (ad libitum; dose in

Sprague-Dawley rat (2,
3); n=50/group
mg kg~ bw not given; about 0,
2.5,12.5, 25, 75, 125 mg kg~! bw
per day assuming a daily intake of
20 mL drinking water and a bw of
400 g)

week 167)

Wistar rat, 10/group 0, 120 mm in drinking water (ad 8 months
(only &) libitum; corresponding to 324

mg kg~! bw per day)

Lifelong: administration from ® No difference between control and exposed [179]
week 6 after birth up to

animals on daily feed consumption, bw, and

death (last animal died in survival

® No treatment-related non-neoplastic pathological
changes were detected by gross inspection or
histopathological examination

® Tumor incidences were not significantly increased
in the Zymbal gland, auditory canal, nasal and oral
cavities, stomach, intestine, lungs, and mammary
gland

® Osteosarcomas significantly increased in & in the
highest dose group

® Number of total malignant tumors per 100
animals was significantly increased at 50 mg L~
(only @) and 2500 mg L= (3 u. Q)

® Limitations: lack of comprehensive statistical
analysis, lack of dose response, limited
examination of non-neoplastic end-points,
possibly infection with Mycoplasma pulmonis

® No difference between control and exposed [182]
animals on daily fluid and feed consumption, bw,
and survival.

® Immuno-histochemistry and histopathological
examination of the tongue, epiglottis, and
forestomach: no tumors

® Hyperplasia and increased proliferation indices of
the basal layers of the squamous epithelia
(tongue, epiglottis, forestomach)

® Limitations: small number of animals, only a
single dose group, short exposure duration,
limited examination of tissues

sis is not available up to now. Furthermore, higher acetaldehyde
concentrations in saliva might be reached in ALDH-2 deficient
individuals (see 7.3.2 “Influence of polymorphisms of xenobiotic
metabolizing enzymes”). While it is unclear if short-term expo-
sure of directly exposed tissues to such peak concentrations will
result in genotoxic and carcinogenic effects, such effects cannot
be ruled out at the present time.

Although in vivo studies demonstrate systemic genotoxic ef-
fects of acetaldehyde predominantly after i.p. administration, it
is not possible to relate the applied doses to oral exposures. The
only available in vivo study investigating acetaldehyde genotoxi-
city after oral exposure in rodents reported gene mutations and
micronuclei in ALDH2 knock-out but not in wild-type mice fol-
lowing a 2-week treatment at 100 mg kg~ bw acetaldehyde, i.e.,
a dose about two orders of magnitude higher than the estimated
human acetaldehyde exposure via food (0.03-1.54 mg kg™' bw,
cf. Section 4 “Exposure”).

There is evidence for increased levels of acetaldehyde-derived
DNA adducts following ethanol intake in humans (oral cav-
ity, peripheral blood) and animals (upper gastrointestinal tract,
liver) and following inhalation exposure to acetaldehyde in an-
imals (lung, brain). However, the effects strongly depended on
the ALDH2 genotype, further highlighting the particular sus-
ceptibility of ALDH2-deficient animals/individuals to acetalde-
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hyde genotoxicity and the efficient detoxification of acetaldehyde
by ALDH2. However, there are no data on acetaldehyde-derived
DNA adducts following oral exposure to acetaldehyde. Based on
the available data, it is therefore still not possible to conclude on
acetaldehyde genotoxicity and mutagenicity in vivo after oral ex-
posure in situations without concomitant ethanol exposure.

7. Carcinogenicity

7.1. Oral Exposure

Data on the carcinogenicity of acetaldehyde after oral intake are
limited (Table 6). Up to now, there is only one long-term animal
study available in the scientific literature, in which acetaldehyde
was applied orally.l'”°! Acetaldehyde was administered life-long
(from week 6 after birth up to death) in the drinking water (O,
50, 250, 500, 1500, or 2500 mg L~!) to Sprague-Dawley rats (50
animals/sex/group). A limited number of tumors in several or-
gans, including the oral cavity, were reported. Only one carci-
noma (2%) was detected in a medium dose group (500 mg L™1)
in the pharynx and larynx (only female). Moreover, two carcino-
mas (4%, female and male) occurred in the highest dose group
(2500 mg L71; ~#125 mg acetaldehyde kg=! bw per day) in the oral
cavity (lips and tongue), but the effects were not dose-dependent
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and showed no statistical significance (carcinomas: control: 1 [fe-
male]; 50 mg L7': 0; 250 mg L~': 1 [male]; 500 mg L~': 1 [male];
1500 mg L~!: 0). Furthermore, this study was not compliant with
the OECD guidelines.l”) The BfR-LAV Committee concluded that
this study could not be used for assessing cancer risk and does not
provide reliable evidence of a carcinogenic effect of acetaldehyde
after oral exposure.”18%1 Other organizations such as the MAK
Commission, the ECHA and the Health Council of the Nether-
lands also classified the study as inadequate for the purposes of
a quantitative risk assessment.[1819801811 The SKLM agrees with
these assessments. Up to now, there are no new long term oral
animal studies available.

In a study with a limited number of Wistar rats (10 an-
imals/group), 120 mm acetaldehyde was administered in the
drinking water for 8 months.l'82] No tumorigenic lesions but
increased proliferation indices and hyperplasia of the basal lay-
ers of the squamous epithelia (tongue, epiglottis, and forestom-
ach) were observed. However, this study is considered inade-
quate to assess acetaldehyde carcinogenicity. The number of
animals per group was small and the duration of treatment
too short for a carcinogenicity study. Moreover, only a sin-
gle dose group was studied, precluding characterization of the
dose-response relationship. Additionally, only a few organs were
examined.

Acetaldehyde has repeatedly been evaluated by IARC
as a single substance as well as linked to alcohol
consumption[1#1575183184] (¢f Section 2). In animal experi-
ments, a link between acetaldehyde exposure due to oral ethanol
intake and cancer was demonstrated in various organ systems
and species.[””! Epidemiological and mechanistic studies based
on ALDH2-deficiency provide further evidence for a causal and
dose-dependent role of local acetaldehyde in the carcinogen-
esis of oral cavity, pharynx, and esophagus linked to ethanol
consumption. Overall, JARC assigned acetaldehyde associated
with consumption of alcoholic beverages to the carcinogenicity
group 1 [Sufficient evidence in humans for the carcinogenic-
ity of alcohol consumption and for the carcinogenicity of
acetaldehyde associated with the consumption of alcoholic
beverages].””!

There are no epidemiological studies investigating the associ-
ation between acetaldehyde alone and cancer risk.[*]

7.2. Inhalation Exposure

Upon inhalation exposure, acetaldehyde induced the formation
of adenocarcinomas and squamous cell carcinomas of the olfac-
tory and respiratory epithelium in the rat and nose and larynx in
the hamster (Table 7).[7:18518%]

The SCCNFP and the SCCS derived a quantitative risk assess-
ment from the inhalation study by Woutersen et al.,['¥°! with life-
time cancer risks calculated based on a T25 of 121 mg kg™ bw
per day.?23] A corresponding human dose descriptor (HT25) of
36.7 mg kg~! bw per day was calculated. Assuming a maximum
consumer exposure to acetaldehyde in fragranced cosmetic prod-
ucts of 0.1 ug kg~ bw per day, a lifetime cancer risk of 7 x 1077
was estimated. The SCCNFP concluded that this exposure does
not represent any cancer risk.[??!

Mol. Nutr. Food Res. 2023, 67, 2200661 2200661 (21 of 29)

www.mnf-journal.com

7.3. Consideration of Local Effects Following Oral Exposure and
Polymorphisms

7.3.1. Local Effects Following Oral Exposure

Similar to formaldehyde, chronic local tissue damage due to
the cytotoxicity of acetaldehyde is considered to play a key role
in tumor development in the nasal mucosa.'®% Assuming
complete systemic bioavailability of retained acetaldehyde, MAK
estimated a lifetime additional internal exposure of 1.0 umol ac-
etaldehyde L~! blood when the MAK value of 50 mL m~3, which
is based on the avoidance of irritant effects of acetaldehyde after
inhalation exposures, is observed. According to MAK, the contri-
bution made by occupational exposure to acetaldehyde is, even in
the worst case, within the range of the standard deviation of its
endogenous levels in blood (2.2 + 1.1 umol L~1[!819]; g0 that no
notable contribution to the systemic cancer risk in humans is to
be expected.

However, consideration of systemic availability after oral expo-
sure of acetaldehyde may not be sufficient to rule out any dam-
age to health,>*1%] ags this does not consider the possible local
effects of acetaldehyde in the gastrointestinal tract. Local forma-
tion of acetaldehyde from ethanol occurs in the upper digestive
tract, both in the mucosa cells and by the microflora of the upper
digestive tract. Enzyme activities of these tissues, characterized,
e.g., by a very low level of ALDH2 activity, differ from those of
other organ systems, resulting in accumulation of acetaldehyde
in saliva and gastric juice.’®1911%] For example, after administra-
tion of a standard dose of ethanol (0.5-0.6 g kg™ bw; observation
period 30-180 min), salivary acetaldehyde concentrations (~24—
53 um) were approx. ten-fold higher than the blood acetaldehyde
concentrations in ALDH?2-active individuals.['°) However, there
are no studies on acetaldehyde alone that specifically addressed
local effects in the upper digestive tract.

7.3.2. Influence of Polymorphisms of Xenobiotic Metabolizing
Enzymes

Polymorphisms in the two relevant enzyme systems ADH1B and
ALDH?2 can lead to a considerable impairment of acetaldehyde
metabolism.

Compared to individuals with active ALDH2 there is an
approximately two-fold increase in the concentration of ac-
etaldehyde in saliva and an approximately five-fold increase
in gastric juice in ALDH2-deficient individuals after ethanol
ingestion.[1911%] After administration of a standard dose of
ethanol (0.5-0.6 g kg™ bw; observation period 30-180 min), sub-
stantially higher acetaldehyde concentrations were measured in
the blood (up to 25 um), saliva (up to 76 um) and gastric juice
(up to 47 um) of ALDH2-deficient individuals than in the blood,
saliva and gastric juice of ALDH2-proficient individuals.['11%] In
vivo studies in ALDH2 knock-out mice also showed an increased
occurrence of genotoxic effects (induction of gene mutations
and micronuclei) in reticulocytes after oral intake/inhalation of
acetaldehyde.[®] These observations indicate that the occurrence
of genotoxic effects correlates with the ALDH genotype.
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It is estimated that about 40% of the Japanese, Korean, or Chi-
nese population carry the ALDH2*2 allele in the heterozygous
form. The resulting reduced enzyme activity leads to increased
acetaldehyde concentrations in the blood, even when compara-
tively small amounts of alcohol are consumed. A significantly in-
creased risk of upper digestive tract tumors and colorectal tumors
has been observed in relation to chronic alcohol consumption in
the Asian population, particularly in individuals with decreased
ALDH2 activity, 181197.1%]

The ADH1B*2allele encodes an enzyme that is approximately
40 times more active than the enzyme encoded by the ADH1B*1
allele.l”! Thus, acetaldehyde accumulates following alcohol con-
sumption in individuals who carry the highly active ADHI1B*2
allele because ethanol is rapidly converted to acetaldehyde. The
ADH1B*2allele occurs more frequently in Asian populations but
is rarely found in Caucasians.I”® In Caucasians, the ADH1C*1
genotype encodes an ADH that is approximately 2.5 times more
active than the enzyme encoded by the ADH1C*2 allele.l”8] The
allele frequency of ADHI1C*1 and the rate of homozygosity are
associated with an increased risk of tumors in the mouth/throat
as well as the upper digestive tract, liver, colon and female breast
in the case of moderate to high alcohol consumption.[”!

Furthermore, it has been reported that also the low activ-
ity ADHIB*1/1* genotype is associated with enhanced expo-
sure to acetaldehyde through saliva. It has been suggested that
a lower systemic elimination rate of ethanol from the body
can result in prolonged exposure to acetaldehyde produced by
oral microbes.”®! Various epidemiological and mechanistic stud-
ies have shown that individuals with the less active genotype
ADH1B*1/*1 and those with the inactive genotype ALDH2*2/*2
are subject to increased acetaldehyde concentrations, e.g., in
saliva, and a significantly higher risk of cancer in the upper di-
gestive tract.[879193196199-202]

8. Assessment

The currently available data on the genotoxicity and mutagenic-
ity of acetaldehyde indicate a genotoxic effect in vitro. Further-
more, the data that have become available since the previous
evaluation by the BfR-LAV Committee in 2010!”! allow the con-
clusion that systemic genotoxic effects of acetaldehyde in vivo
cannot be ruled out after oral ethanol exposure as well as in-
halative and i.p. acetaldehyde exposure. Acetaldehyde induced
micronuclei in the bone marrow in vivo after inhalation and
oral administration in ALDH2 knock-out mice, but not in wild-
type mice. DNA adducts (N?-ethylidene-dG, analyzed as N?-ethyl-
dG, and CrPdG) were identified in different tissues in animal
experiments after oral ethanol exposure, inhalation, and after
i.p. acetaldehyde exposure, with ALDH2-deficient animals being
more sensitive. A dose-dependent increase in DNA adduct lev-
els was observed in various in vitro and in vivo studies. The bio-
logical significance of the identified DNA adducts for the muta-
genicity and carcinogenicity of ethanol and acetaldehyde is cur-
rently not fully elucidated; additional mechanisms could con-
tribute to the carcinogenic effect.[*!) It should be noted that N?-
ethyl-dG was used as a surrogate adduct to determine the bi-
ological effects of acetaldehyde and no data on the biological
properties, e.g., the mutagenic potential of the originally formed
adduct N?-ethylidene-dG, are available. The question of whether
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acetaldehyde has genotoxic and mutagenic effects after oral ex-
posure in vivo cannot be definitively answered at the present
time. Since acetaldehyde is efficiently metabolized in the intes-
tine and liver after oral intake, it seems unlikely that acetalde-
hyde becomes systemically available to a significant extent. How-
ever, genotoxic and carcinogenic effects of acetaldehyde as a fla-
voring substance in directly exposed tissues (upper airways, oral
cavity, gastrointestinal tract, especially esophagus) — in analogy
to formaldehyde — cannot be ruled out based on the current
state of knowledge. This is especially true for individuals with
reduced ALDH enzyme activity. Frequent consumption of alco-
holic beverages in larger quantities can result in an increased risk
of local tumor development. This locoregionally increased risk
may result from direct contact of the epithelia of the oral cav-
ity and esophagus with acetaldehyde present in the drink, but
especially from metabolic acetaldehyde formation from ethanol.
Polymorphisms of genes, such as those for ADH1B and ALDH2,
appear to be of particular importance for this mainly local ac-
etaldehyde formation, as they code for enzymes that control
the formation and degradation of acetaldehyde. Local microbial
formation of acetaldehyde in the oral cavity, e.g., in ADH1B-
and/or ALDH2-deficient individuals, could coincide with a com-
paratively low detoxification of acetaldehyde through ALDH2.
Thus, in order to perform a risk assessment, considering sys-
temic exposure to acetaldehyde alone cannot be considered
sufficient. Rather, local events in the oral cavity and esophagus
as well as genetic polymorphisms must also be taken into ac-
count. Therefore, the available risk assessments of acetaldehyde
should be reviewed and complemented, considering new genetic-
epidemiological findings and methods, particularly concerning
an increased cancer risk of the oral cavity and esophagus.

When assessing the risks of acetaldehyde exposure from ex-
ogenous sources, it must be taken into account that ethanol and
acetaldehyde are also formed endogenously during amino acid
metabolism and energy metabolism. Data on endogenous ac-
etaldehyde formation is limited. At present, there is no conclu-
sive answer to the question of endogenous acetaldehyde levels
in the blood. Previous analytical results should be critically ques-
tioned and, if necessary, verified using proven artefact-free analyt-
ical methods. At this point it is important to note that the endoge-
nous background of acetaldehyde-derived DNA adducts in hu-
mans ranges from 13 to 150 adducts per 10® nucleotides. The de-
tection of DNA adducts can be considered as a suitable biomarker
monitoring after exposure, both for assessing background levels
and exogenous exposure to acetaldehyde, as these can be mea-
sured reliably and with sufficient sensitivity. Therefore, further
research should focus on this issue. The contribution from alco-
hol intake should also be taken into account in this regard. In a re-
cent publication on the assessment of genotoxic carcinogens, the
Senate Commissions MAK and SKLM pointed out that adduct
formation by exogenously ingested acetaldehyde, which remains
within the deviation range of the endogenous body burden, prob-
ably contributes only to a limited extent to cancer risk.?!l This
assumption should be verified quantitatively at the DNA adduct
level, since local acetaldehyde concentrations and local levels of
acetaldehyde-related DNA adducts in the upper respiratory and
digestive tracts appear to be a key factor in the development of
cancer due to ethanol and acetaldehyde.?!! Therefore, a quantita-
tive comparison with the endogenous background level of DNA
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adducts requires consideration of all relevant tissues and body
compartments, especially those that first come into contact with
acetaldehyde, i.e., the respiratory tract in the case of inhalation
and the upper gastrointestinal tract in the case of oral intake.[?!]
Besides the induction of DNA damage, acetaldehyde is a very re-
active substance that can lead to tissue irritation and, therefore,
may also exert tumor-promoting activity.[?!]

There are no detailed and up-to-date exposure assessments
for acetaldehyde. Systematic analyses of the most important
food groups are necessary. There is a lack of controlled stud-
ies on biomarkers of exposure to acetaldehyde from food that
are capable of distinguishing the contribution of ingestion of
acetaldehyde via food, especially resulting from its use as a
flavoring, from exposure to acetaldehyde via alcohol and from
endogenously formed acetaldehyde. In addition, endogenous
background exposure to acetaldehyde should be determined in
an appropriate manner, e.g., based on biomarker-based con-
trolled and randomized intervention studies.

In the opinion of SKLM, even considering the more recent
data, it is still not possible to make a scientifically reliable esti-
mate of the contribution of acetaldehyde used as a flavoring sub-
stance, acetaldehyde naturally present in food and endogenously
formed acetaldehyde to the overall exposure to acetaldehyde. Fur-
thermore, it is currently not possible to finally assess if acetalde-
hyde is genotoxic and mutagenic in vivo after oral exposure. Be-
cause of the above-mentioned missing data, no full scientific as-
sessment of the health risk of using acetaldehyde as a flavoring
is currently possible.

9. Conclusions

In contrast to exposure to acetaldehyde via alcohol consumption,
there is insufficient toxicokinetic, toxicity and exposure data re-
lated to oral intake of acetaldehyde as a flavoring substance via
food to derive strong conclusions on health risks associated with
the use of acetaldehyde as a flavoring substance. Based on all
available data, however, concerns regarding the genotoxic and/or
carcinogenic hazard potential of acetaldehyde after oral intake
via food containing acetaldehyde as a flavoring substance can-
not be ruled out. In view of the remaining data gaps that need to
be filled for a comprehensive risk assessment, and the resulting
uncertainties, the SKLM concluded that there are concerns as to
the safe use of acetaldehyde (a Globally Harmonized System of
Classification and Labeling of Chemicals [GHS] classified CMR
substance) as a flavoring substance. Considering all available evi-
dence and for reasons of precautionary consumer protection, the
SKLM recommends that the scientific basis for approval of the
intentional addition of acetaldehyde to food as a flavoring sub-
stance should be re-evaluated.

10. Research Needs

Further data are needed in order to be able to perform a full risk
assessment:

e Standardization of analytical methods for the determination of
acetaldehyde in foodstufts.

® Systematic chemical analyses of acetaldehyde in the most im-
portant food groups, including flavored foods.
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® Toxicokinetic studies combined with improved analytical
methods for determination of acetaldehyde and its biomarkers
in experimental animals. To this end, transgenic mice carry-
ing the human genes coding for alcohol dehydrogenase (ADH)
and aldehyde dehydrogenase (ALDH) and their various geno-
types may prove valuable for assessing endogenous vs. exoge-
nous exposure from food or other sources.

® Establishment of biomarkers of exposure to acetaldehyde from
food, particularly in the upper gastrointestinal tract, to deter-
mine local effects and to be able to distinguish the contribution
of acetaldehyde present in food from exposure to acetaldehyde
from alcohol and from endogenously formed acetaldehyde.

® Development of science to assess the biological activity of the
primary Schiff base adducts formed, their kinetics, stability
under physiological conditions, and persistence toward DNA
damage repair.

® Biomarker-based controlled and randomized intervention
studies to assess endogenous background exposure to ac-
etaldehyde,

e Studies in vivo on genotoxicity/mutagenicity/carcinogenicity
after oral intake of acetaldehyde in experimental animals, in-
cluding transgenic mice carrying the human genes coding for
different genotypes of ADH and ALDH. These mice may also
be useful to establish in vitro models as a basis for mechanistic
studies.
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