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Background

1. Following a request by the European Commission (EC), the European Food
Safety Authority (EFSA) published a statement on the assessment of recent
publications on the genotoxicity of acrylamide (AA) (EFSA, 2022). The request by
the EC followed the publication of a review article by Eisenbrand (2020a) and its
erratum (Eisenbrand, 2020b) that argued against a genotoxic mode of action for AA.
However, as EFSA did not consider the review and erratum to be comprehensive,
they undertook a literature search of the recent data on the genotoxicity and mode of
action of AA.

2. FSA policy asked for the COT’s view on the recent EFSA (2022) statement.
The paragraphs below briefly summarise the key points from the 2015 EFSA opinion
on AA in food and the main considerations from the recent 2022 EFSA evaluation.

The paper also provides a brief overview of the Eisenbrand publications.

3. Owing to the nature of the topic, the summary of the EFSA statement and
Eisenbrand paper were initially presented to the Committee on Mutagenicity (COM)
in June 2022. An outline of the COM’s conclusions is provided. FSA policy
colleagues have however asked for a full risk assessment of acrylamide to be

undertaken, which will be presented to the Committee in 2023.

4. An updated literature search on the genotoxicity of AA encompassing the time
between EFSA’s search in 2021 and October 2022 has also been conducted, and
summaries of relevant papers identified are presented in this paper. Search terms

and inclusion/exclusion criteria for the literature search are provided in Annex A.
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Please note, the COM were not provided with the Secretariats updated literature

search during their discussions earlier in the year.

Summary of the EFSA assessments of the genotoxicity of

acrylamide

Introduction

5. Acrylamide (AA) is a low molecular weight, highly water-soluble organic
compound. Heightened concerns about exposure to AA arose in 2002 when it was
discovered that it forms when certain foods are prepared at temperatures usually
above 120 °C and in conditions of low moisture. It forms in part due to a Maillard
reaction between certain amino acids and reducing sugars primarily in carbohydrate

rich food, such as French fries, potato crisps, bread, and coffee.

6. The key toxicological effects of AA are genotoxicity, carcinogenicity,
neurotoxicity, and effects on male reproductive parameters, including sperm counts

and alterations in sperm and testis morphology.

7. AA is classified as a Group 2A carcinogen by the International Agency for
Research on Cancer (IARC, 1994). AA is a weak mutagen and effective clastogen in
mammalian cells. Metabolic epoxidation of AA via CYP2E1 leads to the production of
glycidamide (GA) which is a strong mutagen and clastogen. GA induces mutation via
a DNA adduct mechanism and AA may induce DNA damage secondary to induction

of oxidative stress.

8. Following the publication of a review article by Eisenbrand (2020a) and its
erratum (Eisenbrand, 2020b), which concluded that the totality of available scientific
evidence argues against a genotoxic mode of action underlying the neoplastic
effects of acrylamide, EFSA published a statement on the assessment of recent
publications on the genotoxicity of AA (EESA, 2022).



https://link.springer.com/content/pdf/10.1007/s00204-020-02794-3.pdf
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2015 Evaluation by EFSA

9. EFSA (2015) evaluated the data on genotoxicity available at the time and
concluded that

e The in vitro studies indicate AA to be a weak mutagen in mammalian cells, yet

an effective Clastogen.

e Glycidamide (GA), the epoxide metabolite of AA, was a strong mutagen and a

clastogen, inducing mutations via a DNA adduct mechanism.
e Inthe in vivo studies, AA is clearly genotoxic in somatic and gem cells.
e The mechanism for AA’s mutagenicity was via metabolism by CYP2E1 to GA.

e AA could also induce gene mutations by a pathway involving the generation of

reactive oxygen species (ROS) and oxidative DNA damage.

10. EFSA also noted that in situations of limited CYP2E1 activity, genotoxicity of
AA may involve the generation of ROS and oxidative DNA damage. However, this
alternative pathway appears to only take place at very high doses, and it has been
suggested that the clastogenic effect may be mediated through interference with the
kinesin motor proteins involved in spindle fibre formation and chromosomal
segregation during cell division or alkylation of protamine in sperm. An alternative
suggestion is the alkylation of proteins associated with chromatin via AA’s affinity for

sulfhydryl groups.

11.  As the number of tumours originating from tissues involved in the endocrine
system were significantly increased in the rat bioassays, AA was hypothesised to act
as a carcinogen via adverse effects on endocrine regulation. However, EFSA noted
that the studies investigating whether local endocrine effects explained tumour
formation in certain hormone or paracrine-regulated target tissues reported
inconsistent changes in thyroid hormones and hence concluded that the mechanistic

hypothesis lacked experimental proof.

12. EFSA concluded that the epidemiological studies did not provide consistent

indication for an association between AA exposure and increased cancer risk in
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various organs; the studies available had severe limitations, uncertainties in the

assessment of exposure and lacked statistical power.

13.  Due to the concern in respect to genotoxicity, EFSA did not consider it
appropriate to establish a health-based guidance value (HBGV) and instead applied
the margin of exposure approach for compounds that are both genotoxic and
carcinogenic. EFSA thereby used the BMDL1o of 0.17 mg/kg bw per day, the lowest
BMDL10 from a 2-year study in male mice, showing an increased incidence of

Harderian gland adenomas and adenocarcinomas.

14. Harderian glands are absent in humans, however EFSA noted that it is a
sensitive target tissue in rodents for compounds that are both genotoxic and
carcinogenic. Taking into account that target tissues for tumour formation can vary
between species for a given compound, EFSA considered the Harderian gland a

conservative endpoint for the assessment of neoplastic effects of AA in humans.

2022 Evaluation by EFSA
Genotoxicity

15. EFSA assessed all studies on genotoxicity published since their last opinion in
2015; Brief summaries of the findings are provided below; a more detailed
description of the studies can be found in Table 1 (in vitro) and Table 2 (in vivo) of
the EFSA opinion.

Chromosomal damage
In vitro

16. Micronucleus tests following in vitro exposure of human or rat lymphocytes
were positive, the emphasis of these studies was on the ability of L-carnitine and
resveratrol to prevent AA-induced DNA damage (Zamani et al., 2018; Ankaiah et al.,
2018). In a study by Liu et al. (2015) AA was found to increase the percentage of
chromosome misalignment in Metaphase ll-stage mouse oocytes in female rats in a
dose-dependent matter. AA further induced significant alterations in spindle

morphology. The results were found to be associated with a decrease in maturation
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of mouse oocytes. The results in all studies were independent of added metabolic

activation systems.

In vivo

17.  In mice, in vivo oral exposure was consistently positive in the micronucleus
test in the bone marrow or peripheral blood (Hobbs et al., 2016; Algarni et al., 2018;
Hagio et al., 2021). A more limited set of studies by Zhao et al. (2015 a;b) resulted in
AA induced alterations of the liver antioxidant enzymes and micronuclei and DNA
breaks after a single i.p. injection. The changes were alleviated by feeding mice a
diet containing various fruits or extracts containing antioxidants. Chromosome
aberrations in mouse bone marrow cells showed increased levels of polyploidy and
chromosome fragments, deleted chromosomes and Robertsonian centric fusions
(Algarni, 2018); maturation of mouse oocytes was significantly impaired by AA
treatment, with metaphase Il oocytes showing a reduction in meiotic spindle mass

and chromosome misalignments (Aras et al., 2017).

18.  Wister and Sprague-Dawley rats treated orally with AA showed increased
micronuclei (Jangir et al., 2016; Shimamura et al., 2017; Sekeroglu et al., 2017),
while Fisher 344 rats did not (Dobrovolsky et al., 2016; Hobbs et al., 2016; Chepelev
et al., 2017).

19. EFSA concluded that mice seemed to be more sensitive to micronuclei
formation than rats, which correlates with the level of DNA adducts being generally

lower in rats than mice after AA exposure.

Comet assay
In vitro

20. DNA strands breaks were shown in human THP1-monocytes, liver HepaRG
cells and CaCo2 cells, lymphocytes and spermatozoa following in vitro exposure to
AA. (Xiao et al., 2016; Mandon et al., 2019; Nowak et al., 2020; Wang et al., 2021;
Katen et al., 2017). An increase in DNA strand breaks in mouse spermatozoa was

only observed following exposure to GA, or with AA in the presence of conditioned
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media from epididymal mECap18 cells that expressed high levels of CYP2E1

enzyme required for metabolic activation of AA (Katen et al., 2017).

21.  In the presence of a DNA glycosylase (Fpg, which removes 8-oxoguanine and
other DNA lesions) substantial increases in DNA strand breaks were observed in
CaCo2 cells, spermatozoa and human lymphocytes after AA exposure (Katen etal.,
2017; Hansen et al., 2018; Nowak et al., 2020). In assays supplemented with the
human OGG1 enzyme (8-oxoguanine DNA glycosylase involved in maintaining
genomic integrity) only modest changes in levels of DNA breaks were observe. The
findings indicate that the majority of AA or GA induced DNA breaks are not due to
the presence of DNA 8-oxoguanine but that at least a fraction of the induced DNA
breaks might be due to DNA oxidation (Katen et al., 2017; Hansen et al., 2018).
Elevation of ROS levels, together with mitochondrial depolarisation have been
observed in parallel with DNA strand breaks in CaCoZ2 cells (Nowak et al., 2020) and
modulation of these by antioxidants in human lymphocytes in vitro (Wang et al.,
2021).

22. Increased levels of DNA strand breaks and sister chromatid exchanges were
observed in lymphocytes from individuals carrying polymorphism in the CASP10 and
CASP8 genes, respectively, after GA exposure. The authors suggested that these
caspase polymorphisms may decrease the apoptotic rate, increase cell survival and

consequently yields of genotoxic effects of GA (de Lima at al., 2016).

In vivo

23. Invivo, lymphocytes and liver of mice (i.p.), liver (i.p.), kidney and brain (oral)
in Wistar rats and liver in F344 rats (oral) were positive after AA exposure (Zhao
etal., 2015a;b; Ansar et al., 2016; Dobrowolsky et al., 2016; Shamimamura et al.,
2017). Spermatocytes and spermatozoa of AA exposed mice (i.p. or a 6 month oral
treatment) showed increased levels of DNA damage. Male offspring of male mice
treated with AA also showed increased levels of DNA breaks in spermatozoa (Katen
et al., 2016a;b; 2017).
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24.  EFSA conclude that the data indicated AA induced DNA damage in several
rodent organs. In addition, chronic paternal exposure in rats had consequences for

male offspring.

Gene mutation
In vitro

25.  AA and GA increased the TK gene mutation frequency in the human MCL-5
lymphoblastoid cell line (David and Gooderham, 2018). At the highest tested AA
dose, Hupki mouse embryo fibroblasts showed a 2-fold increase in mutation
frequency of the knock-in LacZ gene while a 1.5-fold increase was observed in the
metabolically competent FE lung cells (Hoelzl-Armstrong et al., 2020a;b). In the
presence of S9, gpt gene mutations were induced in lung cells in pulmonary
organoid structures of mice (Komiya et al., 2021), the mutational spectrum was

similar to that reported previously in vivo in transgenic mice (Ishi et al., 2015).

26. Data from various cell lines indicate that GA is more potent than AA.
Especially at concentrations that caused similar levels of cytotoxicity, GA induced

three times more lacZ mutations than AA (Hoelzl-Armstrong et al., 2020a).

27.  In contrast, in Hupki mouse embryo fibroblasts the analysis of a human
knock-in TP53 gene nor exome or whole genome sequencing showed evidence of
AA-induced mutations, which the authors attributed to the limited ability of Hupki
cells to activate AA (Hoelzl-Armstrong et al., 2020a; Zhivagui et al., 2019). Exposure
to GA in the absence of metabolic activation, however, did increase mutation
frequency at the TP53 gene, the maijority of the mutations occurred at the A:T base
pair and at specific TP53 codons that have also been found to be mutated in human

tumours (Hoelzl-Armstrong et al., 2020a).

28.  Two further in vitro studies in Hupki mouse embryo fibroblasts, analysed
mutational spectra induced by GA and found a 2.5-fold increase in the number of
single base substitutions (SBS) at 3 mM and a non-statistically significant increase in
mutational load at 1.1 mM. Comparison of the specific GA signature/mutational

spectrum to the Pan-Cancer Analysis of Whole Genomes (PCAWG) database SB
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mutational signatures and the Catalogue of Somatic Mutations in Cancer (COSMIC)
database led the authors to conclude that AA and/or GA associated mutagenesis

contribute to human cancers (Zhivagui et al., 2019; Hoelzl-Armstrong et al., 2020a).

In vivo

29. Invivo studies investigating the mutagenic potential, mainly in reticulocytes
and red blood cells (at the endogenous Pig-a gene) were either equivocal (no
response, positive at a single dose or single cell type) or negative for rats and mice
treated with AA (Dobrovolsky et al., 2016; Hobbs et al., 2016; Horibata et al., 2016;
Chepelev et al., 2017).

30. Increased cll gene mutation frequency was observed in the brain of mice
exposed to AA and GA and reported at the gpt gene in the testis, lung (2-3-fold) and
sperm (6-fold) of mice treated with AA and mutagenicity in male rats indicated that
cells in the late stage of spermatogenesis are more sensitive than spermatogonial
cells. The mutational classes varied between organs. (Li et al., 2016; Hagio et al.,
2021).

31.  EFSA concluded that both in vitro and in vivo data highlighted the relationship
between DNA adduct profiles originating from the metabolic conversion of AA and

the mutational signature of AA/GA.

DNA adducts

32. A brief summary of the main observations on DNA adduct formation is
provided below, a list of the individual studies can be found in Table 3 of the EFSA

opinion.
In vitro

33. AAinduced DNA adducts (N7-GA-Gua and N3-GA-Ade) in calf thymus DNA
in vitro and in the presence of S9 in Hupki mouse embryo fibroblasts, no DNA
adducts were seen in the absence of S9. In contrast, high levels of DNA adducts
were seen in the same cells following GA exposure (Hansen, et al., 2018; Zhivagui

et al., 2019). Another study in Hupki cells also reported DNA adduct formation after
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GA but not AA exposure. In primary cultures of rat hepatocytes exposed to AA, a
non-linear concentration response was observed, the increase in DNA adduction
over background levels was only seen at concentrations of 1000 and 2000 yM

(Hemgesberg et al., 2021a).

In vivo

34. In smokers, non-smokers and all study subjects combined, a significant
correlation (but not-statistically significant difference between values) was seen
between urinary N-acetyl-S-(propionamide)-cysteine (AAMA) mercapturic acid
derivative (a metabolite of AA and marker of current exposure) and N7-GA-Gua
levels, but not urinary cotinine and other factors. The authors therefore concluded
that urinary N7-GA-Gua is significantly associated with dietary AA intake (Huang et
al., 2015). Significantly higher levels of urinary N7-GA-Gua, AAMA and the
mercapturic acids of AA and GA (namely N-acetyl-S(2-carbamoylethyl)-L-cysteine
(AAMA) and N-(R,S)-(1-carbamoyl-2-hydroxyethyl)-L-cysteine (GAMA)) were found
in AA exposed workers (N=8) than in the control group (N=36) (Huang et al., 2018).

35. Low levels of N7-GA-Gua were detected in 80 % of healthy human volunteers
(N=56), however no correlation between DNA adducts and dietary habits were
found. Blood glucose levels or glycated haemoglobin and DNA adducts did
significantly correlate with the body mass index (Hemgesberg et al., 2021b).
Following a 24-hour dietary exposure of healthy volunteers (N=17) to AA present in
carbohydrate rich foods as part of a normal human diet, no direct correlation could
be seen between the AA intake, based on the food frequency questionnaire, and N7-
GA-Gua levels. The authors did however stress that this might be due to the sample
size and possible inaccuracies of the questionnaire (Jones et al., 2021). It was noted
(presumably by EFSA) that the levels of DNA adduct formation were in the same

range in these two human volunteer studies.

36. A dose dependent increase in N7-GA-Gua and N3-GA-Ade levels was
reported in the liver and lung of mice orally treated with AA for 28 days at
concentrations ranging from 87.5-700 uM (De Conti et al., 2019). EFSA found the

data to provide evidence on a dose linearity in the adduct formation in the dose
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range applied. N7-GA-Gua adducts were also reported in urine and tissues of rats
exposed to AA for 7 and 14 days (Wang et al., 2019).

Non-genotoxic effects and genotoxicity secondary to oxidative stress

37.  The following provides a brief summary of the new studies identified on non-
genotoxic effects of AA and genotoxicity secondary to oxidative stress that may
contribute to AA carcinogenicity. Summaries of the studies identified can be found in
Table 4 of the EFSA opinion.

38.  Several studies (in vitro and in vivo) provided further evidence for oxidative
stress in various cellular systems and tissues in vivo and for associated oxidative
damage to DNA. While a number of studies reported DNA breaks due to enzymes
involved in the repair of oxidative damage (Fpg, Endolll, OGG1), the interpretation of
these findings should be taken with caution, according to EFSA. Hansen et al.,
(2018) provided evidence that DNA damage revealed through the use of Fpg can
also be directly induced by GA and since Fpg was more effective in inducing DNA
breaks during repair than OGG1 oxidative DNA damage may be a relatively small
component of the damage detected in the Comet assay (Katen et al., 2017). Several
studies did however show the formation of 8-oxoguanine via ROS production and
demonstrated an association between micronuclei formation and oxidative stress
(Wang et al., 2015; Katen et al., 2016a;b; Sekeroglu et al., 2017; Zamani et al.,
2018; Salimi et al., 2021a;b; Zhao et al., 2015a;b; Ankaiah et al., 2018).

39. Oxidative damage has been reported to be reduced by antioxidants (Zhao et
al., 2015a;b; Ansar et al., 2016; Nowak et al., 202; Wang et al., 2021), with one study
showing inhibition of CYP2E1 and hence inhibition of the metabolic oxidation of AA
to GA. However, EFSA noted that the studies did not necessarily report inhibition of

DNA damage via antioxidant activity.

40. Transcriptomic changes in the thyroid of Wistar rats exposed to AA were
reported by Colli-Dula et al. (2016), including genes involved in DNA damage and
repair and other changes related to e.g. oxidative stress and motor proteins and
kinases. In contrast, Chepelev et al (2017) did not find evidence of a DNA damage

response in F344 rat thyroid but it was observed in the liver, including the induction

10
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of p53. A third study in rats (F344) did not show elevated expression of the p53 gene
in testis in vivo (Recio et al., 2017). EFSA noted that the strains of rats used in these
three studies differed. In mice, genes involved in the p53 pathway were not
significantly enriched in the Harderian gland or the lung, but an elevation of phosho-
p53, phosho-Chk1 and g-H2ax proteins suggested a DNA damage response in
mouse embryo fibroblasts treated with AA or GA (Chepelev et al., 2018; Hoelzl-
Armstrong et al., 2020a).

41. Changes in the expression of genes involved in calcium signalling and the
cytoskeleton have also been implicated as a major transcriptome response. It has
been suggested that the changes in calcium signalling and actin filaments may lead
to impaired microtubule and microfilament integrity and hence interfere with
chromosome segregation during cell division (Chepelev et al., 2017; 2018; Recio et
al., 2017). These effects may contribute to the observed misaligned chromosomes
and abnormal spindle morphology seen in AA exposed oocytes (Liu et al., 2015).
However, EFSA noted that the specific role of calcium signalling is, to date,

unproven.

42. A study by Ekanem et al. (2019) produced evidence of enhanced cell
proliferation by an increased expression of cell cycle regulators and in the migratory

ability of prostate cancer cells after GA exposure.

43.  In utero exposure of rats to AA resulted in transcriptomic changes involved in
genes related to cell cycle, specifically plasma T3 and T4 were increased. This
further supported EFSA’s previous conclusion that the data suggesting disturbance
of thyroid hormones by AA was inconsistent. While EFSA recognised that
modulation of thyroid hormone levels has been associated with thyroid
carcinogenesis in rodents, the mechanism of the thyroid dysregulation is not known
and there is no clear evidence that AA results in raised TSG. EFSA also noted that

the relevance to humans is questionable (Bartsch et al., 2018).

11
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Other relevant data
Endogenous formation of AA

44. Based on the available evidence, EFSA was previously unable to draw a
conclusion on the possible endogenous formation of AA and considered the
possibility that cysteine adducts of AA in dietary proteins could be present in food
and feed, which could be absorbed from the gastrointestinal (Gl) tract and

subsequently excreted in urine.

45.  Since the last EFSA evaluation of AA in 2015, two further studies have been
published, in healthy volunteers (non-smokers) under strictly controlled conditions. In
the study by Ruenz et al. (2016) volunteers were exposed to low and high dietary
levels of AA, following a 3-day wash-out period with an AA-minimised diet. Based on
a 58 % excretion of AA in urine (as AAMA) within three days and the urinary AAMA
concentration at the end of the wash out period the authors estimated an
endogenous AA formation of 0.2-0.3 ug/kg bw per day. The authors themselves,
however, noted the possibility of a high dietary AA exposure prior to the wash out
period, resulting in residual AAMA excretion. The follow up study performed
(Goempel et al., 2017) included a group who received a minimized AA diet for the
whole duration of the study period (13 days) and were given 13C3D3-AA on day six.
A second group received the minimized diet and a low AA exposure on day 6 and a
high AA exposure on day 10. While the urinary excretion of AAMA was in the range
of the control group after exposure on day 6, an approximately 10-fold increase of
AMMA but also GAMA was seen after high exposure on day 10. The high AA
exposure resulted in statistically significant increases in N-terminal valine
haemoglobin adducts (of AA and GA). The authors estimated the endogenous AA
formation to be 0.3-0.4 ug/kg bw per day and suggested Maillard type chemistry.

46. A further potential precursor for endogenous AA formation is acrolein, with
oxidative stress being suggested as an endogenous source (Tareke et al., 2008;
Ruenz et al., 2019; Cleusix et al., 2008; Zhang et al., 2018). Lipid peroxidation and

acrolein formation have also been suggested as the basis for the association

12
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between GA-N7-Gua in peripheral blood mononuclear cell (human volunteers) with
the body mass index (BMI) (Hemgesberg et al., 2021b).

47. EFSA concluded that endogenous formation of AA (in the range of 0.2-0.4
ug/kg bw per day) adds to the dietary exposure (mean 0.4-1.9 and P95 0.6-3.4 ug/kg
bw per day).

Measurement of haemoglobin adducts

48. EFSA considered it beyond the scope of the current assessment to review all
available studies/data on Hb adducts of AA and GA in humans exposed to
background levels of AA in their diet, due to the large size of the database. However,
EFSA previously discussed the results from the 2003-2004 US National Health and
Nutrition Examination Survey (NHANES) in their 2015 opinion. Subsequent surveys
continued to measure Hb adducts of GA in the US population. In Europe, the
European Prospective Investigation into Cancer and Nutrition (EPIC) measured Hb
adduct formation of both AA and GA.

49. EFSA concluded that the data demonstrates that GA is produced as a result
of dietary exposure to AA and is not entirely detoxified. It is therefore systemically

available.

EFSA discussion and conclusion

50. EFSA concluded that the majority of the new studies published since 2015
confirmed and extended the clastogenic properties of AA/GA. Analysis of
chromosomal aberrations in mouse bone marrow showed increased polyploidy and
chromosome breakage. EFSA suggested that the relatively low metabolic activating

capability of F344 rats may explain the opposing findings in some studies.

51.  New studies reporting DNA damage in several organs of mice and rats and in
lymphocytes, spermatocytes and spermatozoa were in agreement with EFSA’s
previous conclusions that increased DNA damage is associated with AA exposure,

including effects on the male reproductive system.

52. Recent in vitro and in vivo data are in line with EFSA’s conclusions from 2015

and highlight the relationship between DNA adduct profiles originating from the
13
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metabolic conversion of AA to GA and the mutational signature of AA/GA. The
studies also may indicate a contribution of AA and/or GA-associated mutagenesis to
human cancers. The recent identification of an AA mutational fingerprint highlights

the specificity of the mutational events associated with AA exposure.

53. More recent in vivo and in vitro studies confirmed the presence of the
previously identified N3-GA-Ade and N7-GA-Gua adduct formation. However, EFSA
noted the large variations in the number of adducts among the in vitro studies
induced by AA and GA. The presence of DNA adducts (N7-GA-Gua) has also been
reported in the urine of AA exposed workers and human volunteers. However, in two
studies no association was found between DNA adduct formation and specific
dietary habits. However, EFSA/the authors concluded that the lack of an association
may be due to the relatively small sample size and limitations in the exposure

assessment.

54. EFSA concluded that endogenous formation of AA has been demonstrated at
levels below dietary AA exposure and hence the impact of the addition of dietary
exposure to endogenous formation needs to be considered. EFSA also
concluded/confirmed that GA is not entirely detoxified on formation and hence it is
systemically available in humans with common levels of dietary AA exposure,
meaning dietary exposure to AA has the potential to result in the formation of GA

adducts and GA-related mutations.

55. In addition to genotoxicity EFSA also considered the potential for both
secondary DNA oxidation (via ROS) and effects on the control of the cell cycle that
may contribute to carcinogenesis. The origin of the ROS was not considered clear
while changes in histone acetylation and methylation and DNA methylation in liver
and lung of mice showed increased expression of cell cycle regulators, which in turn
point to epigenetic influences that may contribute to enhanced cell proliferation and
target organ carcinogenesis. Although altered calcium signalling may involve
modulation of microtubules and microfilaments and the action of kinesis during cell
division, EFSA did not consider these effects to contribute to carcinogenicity. EFSA

did consider they may be important in neurotoxicity, however.

14
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56. Overall, EFSA concluded that in addition to genotoxicity, non-genotoxic
effects may contribute to the carcinogenicity of AA. There is further substantial

evidence for the genotoxicity of AA to be mediated by the formation of GA.

57. The new studies evaluated by EFSA extend the information assessed
previously and support its conclusion on the risks to human health related to the

presence of AA in food.

58. EFSA further considered the MOE approach to still be appropriate and

concluded that an update of its 2015 opinion is currently not required.
Publication by Eisenbrand (2020)

59. The recent review article by Eisenbrand (2020) which prompted the EFSA
review concluded that the totality of available scientific evidence clearly argues

against a genotoxic mode of action underlying the neoplastic effects of acrylamide.

60. The article further suggested that endogenous formation of AA occurs at a
rate close to average AA exposure from the diet and that GA is entirely detoxified at

dietary exposure levels by conjunction with glutathione.

61. A brief summary of the main points taken from the abstract of the review
article has been provided below. The information provided and conclusions drawn

are the authors’, not the Secretariats’.

62. The author argues that in primary rat hepatocytes, the biotransformation of AA

into GA is substantially slower than the detoxifying coupling to glutathione (GS).

63. According to the author high dose ranges (> 100 pg/kg bw) were required for
DNA adduct (N7-GA-Gua) formation in rats, while lesions were only detected
periodically at levels of average consumer exposure, without dose dependence.
Furthermore, substantial built up of AA-haemoglobin (Hb) adducts were reported in

rats, while GA-Hb adducts remained within background levels.

64. The author further argues that the effects on calcium signalling and

cytoskeletal functions in rodent target organs from toxicogenomic studies, and strain-
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and species-specific neoplasms from carcinogenicity studies in rodents are not likely

to be predictive of human cancer risk.

65. The author considers GA a weak mutagen, supported by comparison to other
process-related contaminants, such as N-nitroso compounds, polycyclic aromatic

hydrocarbons or potent food borne mutagens/carcinogens.

66. The author concludes that a non-genotoxic/non-mutagenic MOA is underlying
the neoplastic effects of AA in rodents and hence a tolerable intake level (TDI) may
be defined. Thereby the key adverse effects should be considered, supported by

biomarker-based dosimetry in experimental systems and humans.

Summary of the discussion and conclusion by the COM

67. The COM agreed that the information/data EFSA considered in their

assessment confirmed and strengthened most aspects of the previous opinion.

68. However, Members noted that while there was sufficient evidence that GA
was mutagenic, the direct evidence for AA was less clear, but predominantly relied
on its metabolism to GA. Members further noted that uncertainties raised in the
previous opinion still continued to lack sufficient data to close said gaps. Members
would like to see studies in relevant species, at levels that would allow for the
identification of benchmark dose effects. There further remained uncertainty about

endogenous levels.

69. Members noted that the Eisenbrand paper lacked detail in the approach to
choosing/reviewing its selected studies and it appeared to consider specific evidence
(e.g., focused on one specific DNA adduct), rather than considering all evidence.
Overall, the COM agreed with EFSAs conclusion that the MOE approach would still

be appropriate, and an update of the 2015 opinion is currently not required.

Updated literature search following EFSA’s 2022 assessment of the

genotoxicity of acrylamide
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70.  Aliterature search on the genotoxicity of AA was performed covering the time
between EFSA’s search in 2021 and mid-October 2022. The following paragraphs
provide summaries of the publications retrieved including in vitro cellular
genotoxicity, in vivo experimental toxicity studies, and epidemiological studies, as
well as several studies utilising acrylamide as a positive control in assay
development for detection and quantification of genotoxicity (both in vitro and in

Vivo).

71. A number of studies reporting on the relationship between acrylamide
exposure and other non-genotoxic/non-carcinogenic adverse outcomes were also
retrieved, including effects on metabolism, immune function, and reproductive and
developmental toxicity. For completeness, the key conclusions from these studies
have been summarised here. However, it should be noted, that a comprehensive
search for non-genotoxic/carcinogenic endpoints was not performed and hence this

list is not comprehensive.

72. The literature search was performed after the COM’s review of the EFSA
statement and Eisenbrand publications in June 2022, and have therefore not been
reviewed by the COM.

73.  The literature search strategy is detailed in Annex A.

Genotoxicity/carcinogenesis
In vitro studies

74. A study by Gouveia-Fernandes et al. (2022) investigated the effect of the
acrylamide bioactivation metabolite, glycidamide (GA), on hepatocarcinogenesis in
the non-malignant THLE2 and malignant HepG2 liver cell lines. Glycidamide
treatment induced a range of molecular alterations in liver cells which the authors

suggested were consistent with transition to a pro-carcinogenic phenotype.

75. Both cell types were treated with glycidamide at 0.1, 1, 5, 7.5, 10, 15, 20 and
30 mM for 24 hours. Glycidamide treatment dose-dependently induced cell death via
apoptotic, necrotic, and necroptotic pathways with an LCso of 8.8 mM and 15.4 mM

in THLE2 and HepG2 cells, respectively. Cell cycle analysis demonstrated that the
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HepG2 cells surviving glycidamide-induced toxicity had an increased proportion of
cells in G2/M phase at 20 and 30 mM glycidamide which the authors suggested

indicated an enhanced proliferation rate.

76.  The authors analysed mRNA levels of four different enzymes (glutamate
cysteine ligase catalytic subunit (GCL-C), catalase (CAT), and the glutathione S-
transferases GSTP1 and GSTA3) involved in antioxidant defence. Results showed
that surviving cells had altered expression. In non-malignant THLEZ2 cells, GCL-3
was unaffected, GTSP-1 and CAT were downregulated by high concentrations of
glycidamide (15.4 mM for GTSP-1; 5, 8.8 and 15.4 mM for CAT), and GTSA3 was
upregulated with glycidamide treatment (8.8 and 15.4 mM). The authors concluded
that “the downregulation of GSTP1 and the upregulation of GSTA3 by high
concentrations of glycidamide...can indicate...a putative malignant transformation of
THLEZ cells.” In HepG2 cells, GCL-C was upregulated at low levels of glycidamide
and reduced at higher levels. GSTP-1 was undetected, GSTA3 levels were higher
than in THELZ2 cells and exhibited non-dose dependent changes in expression
(reduced at 5 and 8.8 mM, unaffected at other doses), and CAT was downregulated
at high concentrations (5, 8.8, and 15.4 mM glycidamide). The authors suggested
that basal expression levels of these enzymes in HepG2 cells reflected their
cancerous phenotype, and changes upon glycidamide treatment might have
represented adaptive (low doses) and deleterious (high doses) responses to

oxidative stress.

77.  The authors further suggested that changes in enzyme expression levels may
have been mediated through HDAC genes, levels of which were altered with
glycidamide treatment. HDAC2 and HDAC9 were decreased at high concentrations
in THELZ2 cells (8.8 and 15.4 mM, and 15.4 mM, respectively) whilst HDAC2 and
HDACS were increased at lower (1 and 5mM, and 1 mM, respectively) and increased
at higher concentrations (8.8. and 15.4 mM for both HDACS) in HepG2 cells.

78.  Expression of the liver cancer phenotype marker alpha-fetoprotein gene
(AFP) was increased in THLEZ2 cells with glycidamide treatment at 8.8 and 15.4 mM,
and decreased in HepG2 cells, although the latter cells had higher basal expression

levels. Expression of tumour suppressor gene TP53 was unaffected in THELZ2 cells,
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whilst it was increased at low doses (1 and 5 mM) and decreased at higher doses
(8.8 and 15.4 mM) in HepG2 cells. The authors concluded that changes in AFP
expression in THEL2 cells, and TFP53 expression in HepG2 cells, suggest
malignant transformation and response to DNA damage, respectively. Glycidamide
treatment also increased the proportion of cells expressing the stemness marker
CD133 (7.5, 10, and 15 mM for THEL2 and 10, 15, and 20 mM for HepG2), which,

according to the authors, further corroborated the carcinogenic role of glycidamide.

79. Kontas Yedier et al. (2022) studied the effects of acrylamide on cytotoxicity,
genotoxicity, and carcinogenesis in the lung epithelial cell line BEAS-2B. The authors
concluded that acrylamide “exposure can induce carcinogenesis in lung cells and

may be a risk for lung cancer formation.”

80. Cells treated with acrylamide at 0.005, 0.01, 0.05, 0.1,0.5 1, 5, and 10 mM
underwent dose-dependent cell death with LCso values of 6.6, 1.97, and 1.33 mM at
24, 48, and 72 hours, respectively. In the Comet assay, acrylamide treatment for 24,
48, and 72 hours at 0.5, 1, and 2 mM increased percentage of DNA in the tail, tail
moment, and olive tail moment. Increases were significant and non-concentration
dependent. The authors concluded that the comet assay results indicated that

acrylamide “could induce the formation of DNA single strand breaks.”

81.  The authors further analysed expression of gH2AX and 53BP1 in BEAS-2B
cells after treatment with acrylamide, which act as markers for DNA damage and
repair (Kuo and Yang, 2008) and double-strand break repair (Panier and Boulton,
2014), respectively. Acrylamide treatment at 0.5, 1 and 2 mM significantly increased
the formation of single- and double-positive gH2AX and 53BP1 foci in the nuclei of
the cells in a concentration-dependent manner. The authors suggested this indicated

the induction of double strand breaks.

82.  Following acrylamide treatment for 72 hours (0.5, 1 and 2 mM) BEAS-2B cells
underwent morphological changes, including the appearance of long-spindle
structures and vacuoles. Cells also transitioned from monolayer growth to multi-
layered and invasive foci that exhibited more rapid proliferation. After seeding in soft
agar, acrylamide treated cells exhibited dose-dependent increases in anchorage-

independent growth and formed larger colonies than untreated cells. The authors
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cells.”

In vivo studies

83. Hashem et al. (2022) investigated effects of low-dose acrylamide on
haematological parameters, immune indicators, splenic and bone marrow tissue
architecture, and CD4+ and CD8+ immunoexpression in male Wistar rats. As part of
this study, they also studied the effects of AA on the integrity of the DNA of splenic
cells. Male Wistar rats were exposed to 1 or 2 mg/kg bw/day acrylamide for 90 days
and spleen cell DNA integrity was analysed by comet assay. AA exposure dose-
dependently increased tail length, percentage of DNA in the tail, and tail moment.
The authors suggested that “this DNA damage could have been caused by
interactions between ROS and DNA that occurred due to AA exposure” in their
model, and that their findings “corroborated AA’s potential for genotoxicity that had

been demonstrated before in animal models and cells.”

84.  Acrylamide also dose-dependently induced leukopenia, lymphocytopenia,
eosinophilia, and thrombocytopenia in Male Wisatr rats. IgG and IgM levels were
also increased, whilst makers of innate immunity (phagocytic activity, lysozyme, and
nitric oxide) were reduced. Tissue degeneration was observed in the spleen and

bone marrow, and the spleen showed increases in CD4+ and CD8+ positive cells.

Epidemiological studies

85. Bellicha et al. (2022) conducted an epidemiological study to investigate the
association between dietary acrylamide exposure and breast cancer risk. This was a
prospective study of the NutriNet-Santé cohort of 80,597 French females (age 40.8
14 years) who were followed up for 8.8 + 2.3 years.

86.  Using dietary records referenced against acrylamide measurements from the
database of the Second French Total Diet Study, mean acrylamide intake was
estimated at 0.49 + 0.36 ug/kg bw/day. The main contributors to acrylamide
exposure were coffee, potato crisps and chips, pastries and cakes, and bread.

Acrylamide exposure levels were ranked by quartiles, and average exposures in Q1-
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4 (ug/kg bw/day) were: 0.15 + 0.06, 0.32 £ 0.08, 0.53 + 0.11, and 0.96 £ 0.36. During
follow-up of 8 + 2.3 years (followed up every 6 months), 1016 first incident breast
cancer cases were diagnosed, which consisted of 431 premenopausal cases and

585 postmenopausal cases.

87. In analysis of the whole cohort, a non-linear association was observed
between levels of daily acrylamide consumption and breast cancer risk with higher
risk observed in the second and fourth quartiles of exposure. The overall association
was borderline significant (p=0.05), and further sub-analysis demonstrated that
acrylamide exposure was significantly associated with premenopausal, but not
postmenopausal breast cancer incidence. Breast cancer risk in premenopausal
women followed the same non-linear acrylamide dose-response pattern observed in
the whole cohort analysis (higher in quartiles two and four, with no effect in the
second quartile). Hazard ratios for breast cancer risk in premenopausal were 1.36
(Q2), 1.09 (Q3), and 1.40 (Q4), with Q1 being the reference group. In this sub-
analysis, participants contributed up to their age at menopause at the latest for the
premenopausal model, and from their age at menopause to the postmenopausal

model.

88.  Further sub-analysis suggested a positive association between acrylamide
exposure and oestrogen-receptor positive breast cancers, although the authors
commented that the statistical power of this sub-analysis was limited by the low

occurrence of hormone receptor-negative breast cancers in the cohort.

89.  Overall, the authors concluded that this study demonstrated an association
between acrylamide exposure and breast cancer occurrence in premenopausal
women. The effect was non-linear, with lower and higher, but not intermediate
exposures showing association with breast cancer. Through reference to the
observation of non-linear effects of acrylamide on carcinogenesis in the wider
literature, the authors suggested this might be linked to acrylamide escaping

detoxification mechanisms at low levels and overwhelming them at higher levels

90. EFSA’s initial Scientific Opinion (2015) on acrylamide assessed results from
the US National Health and Nutrition Examination Survey (NHANES) cohort relating

to dietary acrylamide exposure and levels of acrylamide biomarkers in the blood
21



This is a paper for discussion. It does not reflect the views of the Committee and
should not be cited.

(acrylamide- and glycidamide-haemoglobin (Hb) adducts; AA-Hb and GA-HDb). Since
EFSA’s 2022 assessment of the genotoxicity of acrylamide a new follow-up study

investigating this cohort has been published (Gu et al., 2022).

91. Guetal. (2022) aimed to investigate the association between levels of
acrylamide biomarkers at the time of measurement and mortality from all forms of
cancer in an average follow up period of 10.3 years. Levels of AA-Hb and GA-Hb
were measured once between 2003 and 2005 using high-performance liquid
chromatography/tandem quadrupole mass spectrometry. Mortality was ascertained
by the National Death Index (NDI) records up to the end of 2015. Cause-specific
death was determined using International Classification of Diseases, Tenth Revision

(ICD-10) and cancer mortality was defined as ICD-10 codes.

92. Out of 3717 total subjects, 118 died of cancer (all forms) during the follow up
period of 10.3 years. The authors used four separate cox regression models to
investigate the association of AA-Hb and GA-Hb with cancer mortality. These models
sequentially adjusted for different co-variates: model 1 — age, sex, race; model 2 —
smoking and drinking status, education level, income, BMI, exercise, energy
consumption, and cotinine; model 3 — diabetes, hypertension, and dyslipidaemia;
model 4 — low-grade inflammation score. Haemoglobin acrylamide adduct levels
were ordered by quintiles and hazard ratios of >1 were observed in the highest
quintile for AA-Hb levels (in all four models), in the quintile 3-5 for GA-HDb levels, and
quintile 4-5 for AA-Hb + GA-HD (in all four models). The Ptend indicated a significant
linear correlation between AA-Hb levels and cancer mortality in model 1 only, and in
all four models for GA-Hb and AA-Hb + GA-Hb levels. A logistic regression analysis
of cancer sub-types demonstrated an association between acrylamide exposure and
uterine cancer (HR 4.26, 95% CI 1.04-17.54).

93. Spline analysis (adjusted for all covariates) demonstrated an increasing
hazard ratio for cancer mortality (all forms) at increased levels of haemoglobin
acrylamide adducts, suggesting a dose-response relationship. However, there was
also significant non-linearity in the association between AA-Hb levels and cancer

mortality.
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94. The authors also investigated the mediating effect of low-grade inflammation
score (INFLA-score — based on levels of C-reactive protein, white blood cell count,
platelet count, and granulocyte/lymphocyte ratio) on the association between
acrylamide haemoglobin adducts and cancer mortality. The authors concluded that
“the results showed that INFLA-score significantly mediated 71.67% for GA-Hb
induced increased cancer mortality risk, and the direct effect of HbGA on cancer
mortality showed no significance (P = 0.438), suggesting a complete mediated role

of INFLA-score on the association between GA-Hb and cancer mortality.”

95.  Filippini et al. (2022) performed a systematic review and dose-response meta-
analysis of epidemiological studies investigating the association between dietary
acrylamide exposure and several site-specific cancers. In this meta-analysis, the
authors reported that high dietary acrylamide exposure was not associated with an
increased risk of site-specific cancers (oral cavity, oesophageal, stomach, colorectal
(including colon and rectal), pancreatic, laryngeal, lung, lymphoma, multiple

myeloma, renal, bladder/urothelial, prostate, melanoma, and brain).

96. The analysis included 31 eligible papers (a total of 16 studies) with a total of
1,151,198 participants. Studies included were prospective and retrospective cohort,
case-cohort and case-control studies performed in non-occupationally exposed
adults (=18 years) with acrylamide exposure assessed through diet records. Eligible
studies reported hazard ratios for any type of cancer in relation to dietary acrylamide
exposure, except for the female reproductive cancers (breast, endometrial, and
ovarian cancers). Hazard ratios were extracted from models that adjusted for

smoking status and the greatest number of other covariables.

97. Summary hazard ratios (HR) were calculated for high dietary acrylamide
exposure versus low exposure for each cancer type. ‘High’ and ‘low’ acrylamide
exposure levels were derived from individual studies, and for studies reporting
quintiles of exposure without values, values were estimated assuming a normal
distribution of exposure. Potentially non-linear associations were investigated using a
cubic spline approach, with the reference value set at the mean value of acrylamide

exposure (23 ug/day).
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98. Summary hazard ratios demonstrated no association between high
acrylamide exposure and any of the site-specific cancers. The dose-response
analysis also returned a null association between acrylamide exposure at any level,
and site-specific cancer. Based on their dose-response analysis, the authors
suggested that associations between acrylamide exposure and site-specific cancer,
“if present, may generally be without thresholds.” When studies were stratified by
geographical region, a small increase in risk of lymphoma from high dietary
acrylamide exposure was detected in Western populations (HR of 1.12; 95% CI

0.99-1.22). However, this analysis contained only one study.

Acrylamide induced genotoxicity in assay development

99. Several studies have also utilised the genotoxicity of acrylamide as a positive

control in the development of assays with broader technological aims.

100. Barranger and Le Hégart (2022) developed a high throughput comet assay
using a 3D model of HepaRG human liver cells for the assessment and prediction of
genotoxic compounds. Acrylamide exposure (62.5 — 2000 uM for 48 hours) resulted
in a dose dependent increase of percentage of DNA in the tail. In 3D HepaRG
cultures, the BMD1o for acrylamide exposure was 25.3 yM (BMDL1o of 2.22 uM)
whereas it was 215.1 uM in 2D HepaRG cultures (BMDL1o 74.6 uM). The authors
suggested that the lower BMDL1oin 3D cultures was due to higher expression of
Cytochrome P450 (CYP) activity in these cultures, thus increasing the metabolic

conversion of acrylamide to glycidamide.

101. A study by Kuo et al. (2022) developed a pipeline for high throughput analysis
of in vitro micronucleus (MNvit) assay data from 292 test compounds, including
acrylamide. The main aim of their study was to develop a screening assay for
classifying genotoxic agents, comparing potencies, and prioritising them for follow
up. Benchmark concentrations (BMC) for 30% increases in micronucleus frequency
and 60% increases in hypodiploidy were derived for each compound, and using in
vitro to in vivo extrapolation (IVIVE), administered equivalent doses (AED) were
calculated and compared with points of departure (NOAELs and LOAELSs) from
traditional in vivo toxicology studies. Cells were treated with 19 concentrations of test

compounds (4.5, 5.63, 7.04, 8.8, 11, 13.7, 21.5, 26.8, 33.6, 41.9, 52.4, 65.5, 81.9,
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102, 128, 160, and 200 pM) for 24 hours with and without S9. The calculated AED
(mg/ kg bw/day) for acrylamide was ~100 fold higher than the point of departure from
an in vivo cancer study with a NOAEL of 0.1 mg/ kg bw/day (Johnson et al. 1986).
The authors suggested that acrylamide can induce cancer via non-genotoxic
mechanisms, and at doses lower than those that induce genotoxicity, thus explaining
this discrepancy. In validating their approach for assessing genotoxicity, they noted
that the point of departure for clastogenic activity for acrylamide determined by their
MNvit assay more closely aligned with points of departure derived from in vivo

micronucleus assays (2- to 6- fold higher).

102. Zhang et al. (2022) developed an ultra-high performance liquid
chromatography / tandem quadrupole mass spectrometry method for detection and
quantification of the glycidamide adducts N7-(2-carbamoyl-2-hydroxyethyl) guanine
(N7-GA-Gua) and N3-(2-carbamoyl-2-hydroxyethyl) adenine (N3-GA-Ade) in tissues
and urine. Their aim was to establish the effect of catechin administration on the
formation of acrylamide-induced DNA adducts. Sprague-Dawley rats were exposed
to acrylamide at 1, 10 and 50 mg/kg bw and adduct levels were calculated as the
sum of adducts in all urine collected over 48 hours. N7-GA-Gua and N3-GA-Ade
formed in a dose-dependent manner, and the content of N7-GA-Gua (34.9-2374.4
nmol) was about 6—-13 times that of N3-GA-Ade (4.4—-206.3 nmol) in rat urine. The
quantity of N7-GA-Gua and N3-GA-Ade in urine accounted for 1.4%-2.1 % of the
total administered dose. Adducts were also detected in the liver, kidney, and heart, in
a dose-dependent manner, with the highest levels detected in the kidney. Catechin
(EC, EGCG or tea polyphenols) administration at 10 mg/kg bw reduced the levels of
N7-GA-Gua and N3-GA-Ade in 48-h urine and tissue samples of the acrylamide
exposed rats. Adduct levels were also detected in human urine from 10 participants;
N7-GA-Gua was detected in all 10 subjects, while N3-GA-Ade was only detected in 3

males and 2 females, with a lower level than N7-GA-Gua.

General toxicity

103. The literature search also returned a number of publications on non-genotoxic
adverse effects of acrylamide exposure, including metabolic and immune

dysfunction, inflammation, oxidative stress, and reproductive and developmental
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toxicity in in vitro, in vivo, and epidemiological studies. Summaries of the key findings
of these studies have been included here for completion. However, it should be

noted that this was not an extensive or specific literature search for these endpoints.

Cellular, metabolic, and immunological toxicity

104. Al-Hajm and Ozgun (2022) studied the effect of acrylamide exposure on
protein degradation pathways in HepG2 human liver cells exposed to acrylamide at
0.01, 0.1, 1, and 10 mM. At 10 mM, acrylamide inhibited the ubiquitin proteasome

system and induced autophagy.

105. In metabolomic studies of male Sprague-Dawley rats exposed to 20 mg/kg bw
acrylamide, Zhao et al. (2021) observed changes in metabolites in the hippocampus,
cortex, kidney, serum, heart, liver, and kidney fat. Acrylamide exposure disrupted
amino acid, fatty acid, and energy metabolism and induced oxidative stress and

inflammation.

106. Karimani et al. (2021) intraperitoneally administered acrylamide at 50 mg/kg
bw to diabetic and non-diabetic rats for two weeks. Acrylamide exposure increased
serum levels of alanine aminotransferase, blood urea nitrogen, uric acid, creatinine,
and lactate dehydrogenase, and this effect was more pronounced in diabetic mice
(STZ model). Acrylamide treatment also led to liver and kidney tissue lesions, which,

again, was exacerbated in the diabetic mouse model.

107. Liang et al. (2022) studied the association between acrylamide exposure and
hypertension and reported a significant association between GA-Hb levels and
hypertension in adolescent females. GA-Hb levels also correlated with total
cholesterol levels, and cholesterol levels mediated 24.2% of the association between

GA-Hb and hypertension in adolescent females.

108. In a study of a nationwide US population, Wan et al. (2022) reported an
association between biomarkers of acrylamide and metabolic syndrome (MetS), as
defined by meeting three or more of the following criteria: elevated blood pressure,
high fasting glucose, abdominal obesity, hypertriglyceridemia, and lower high-density
lipoprotein cholesterol (HDL-C) levels. AA-Hb levels were inversely associated with

MetS prevalence whilst the GA-Hb/AA-HDb ratio levels were significantly associated
26



This is a paper for discussion. It does not reflect the views of the Committee and
should not be cited.

with total MetS. Acrylamide biomarkers also associated with specific features of
MetS: AA-Hb was also inversely associated with hypertriglyceridemia and low HDL-
C, whilst the GA-Hb/AA-Hb ratio was positively associated with abdominal obesity,
hypertriglyceridemia, and low HDL-C. The authors suggested that the ratio of GA-
Hb/AA-Hb levels reflects the bioactivation of acrylamide to glycidamide, and the
inverse and positive associations between MetS and AA-Hb and GA-Hb/AA-Hb
ratios, respectively, implicate bioactivation of acrylamide to glycidamide involvement
in MetS.

109. Wau et al. (2022) investigated the associated between acrylamide exposure
and mortality in people with hyperglycaemia. Levels of AA-Hb, but not GA-Hb were
significantly associated with risk of cardiovascular disease mortality whilst higher AA-
Hb/GA-Hb ratios were associated with increased total- and cardiovascular disease
(CVD)-related mortality. Subgroup analysis showed that the highest quintile of AA-
Hb/GA-Hb in people with diabetes or pre-diabetes was related to cardiovascular
disease-related mortalities. The authors suggested that “the ratio of HbDAA and HbGA
probably reflects the balance of the detoxification metabolism in the body, and based
on the findings of this study, the balance of metabolic networks for acrylamide may
play a more critical role in the development of CVD among people with

hyperglycaemia.”
Reproductive and developmental toxicity

110. Liver function, haematological function, and oxidative stress measures were
altered in the weaned offspring of Wistar rats exposed to acrylamide during
pregnancy. Tomaszewska et al. (2022) exposed pregnant Wistar rats to 3 mg/kg bw
acrylamide for 5, 10 or 15 days. Prenatal acrylamide exposure affected blood
morphology (reduced white blood cells, increased lymphocytes, decreased
monocytes and neutrophils, and decreased red blood cell count) decreased liver
mass, increased markers of liver injury, increased markers of oxidative stress, and
upregulated autophagy and apoptosis in offspring. Effects were time dependent,
occurring at short periods of prenatal exposure and exacerbated at longer exposure

times.
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111. A meta-analysis of studies investigating the association between maternal
acrylamide intake and metrics of foetal growth was conducted by Hogervorst et al.
(2022). Risk of being small for gestational age, lower birth weight, and lower head
circumference were increased for the highest quartile of acrylamide exposure
indicated by AA-Hb and GA-Hb levels. A lower birth length was only associated with
maternal GA-Hb levels. The authors suggested that their findings “strengthen the
evidence of an adverse effect of maternal acrylamide exposure during pregnancy on

fetal growth.”

112. Meng et al. (2022) studied the association between acrylamide exposure
levels and developmental disabilities in children. When modelled as continuous
variables AA-Hb levels were not associated with odds of developmental disability.
GA-Hb levels were associated with developmental disability, but significance was
lost when the model was adjusted for covariables. When divided into quartiles,
neither AA-Hb or GA-Hb levels were significantly associated with developmental
disability. Restricted cubic spline analysis demonstrated a significant J-shaped

association between GA-Hb, but not AA-Hb levels, and developmental disability.

Summary

113. Following a request by the EC, EFSA reassessed their Opinion on the
genotoxicity of acrylamide. This request was prompted by a publication by
Eisenbrand et al. (2021) that argued against a genotoxic mode of action for the
carcinogenic effects of acrylamide. However, as EFSA did not consider the review by
Eisenbrand to be comprehensive they conducted a literature review from the date of
their previous assessment (2015) up to 2021. After scrutiny of the available
evidence, EFSA upheld their 2015 Opinion on the genotoxicity of acrylamide,

concluding that a margin of exposure approach was still appropriate.

114. In 2021 the Committee on Mutagenicity reviewed EFSA’s assessment and
agreed with their conclusions. The current paper has reviewed EFSA’s Opinion on
acrylamide, their updated assessment, and COM’s conclusions thereof. It has also

provided an updated literature search on the genotoxicity of acrylamide up to mid-
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October 2022 which has not been reviewed by the COM. Overall, the papers
returned in the literature search and summarised in the current paper do not appear
to contradict EFSA’s position on the genotoxicity of acrylamide and contribute to the

database on interpreting acrylamide’s mode of action.

Questions for the Committee

i. Do Members consider that the weight of evidence supports EFSA’s
conclusion that genotoxicity and non-genotoxic effects may contribute to the

carcinogenicity of AA?

i. Do Members agree with EFSAs conclusion that the new data does not alter
the previous conclusions on the risk of AA and the MOE approach is still

appropriate?

iii. Do Members consider the updated literature search to affect EFSA’s

conclusion on the genotoxicity of AA?
iv. Do Members have any other comments on the EFSA statement?
v. Do Members have any comments on the paper by Eisenbrand?

vi. Do Members have any other comments on the structure of the paper?

Secretariat
December 2022

Abbreviations:

MM Micromolar

54BP1 Tumour suppressor p53-binding protein 1
AA acrylamide

AA-Hb Acrylamide haemoglobin adduct

AAMA N-acetyl-S-(2- carbamoylethyl)-L-cysteine
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AED Administered equivalent dose

AFP alpha-fetoprotein

BMC benchmark concentration

BMDL Benchmark dose level

BMDL Benchmark dose lower confidence level

BMI Body mass index

cll Neither EFSA nor the original paper provided a definition
for cll. However, the Secretariat has found the following: cll
is a chromosomally integrated transcriptional activator from
the bacteriophage lambda in transgenic animals. After
exposure of the animals the mutant frequency can be
determined via the lambda select — cll mutation detection
system.

CAT Catalase

Cl Confidence intervals

COSMIC Catalogue of Somatic Mutations in Cancer

CVvD Cardiovascular disease

DNA Deoxyribonucleic acid

CYP Cytochrome P450

EC European Commission

EFSA European Food Safety Authority

Fpg DNA-formamidopyrimidine glycosylase

GA glycidamide

GA-Hb Glycidamide haemoglobin adduct

GAMA N-(R,S)-acetyl-S-(1-carbamoyl-2-hydroxyethyl)-L-cysteine

GCL-C Cysteine ligase catalytic subunit

gH2AX H2A histone family member X
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Gl tract Gastrointestinal tract

GSH Glutathione

GSTAS Glutathione S-transferase A3
GSTP-1 glutathione S-transferase

Hb Haemoglobin

HBGV Health based guidance value
HDAC Histone deacetylase

HDL-C High density lipoprotein C

HR Hazard ratio

i.p. Intraperitoneal injection

ICD International Classification of Diseases
lgG Immunoglobulin G

IgM Immunoglobulin M

INFLA Low-grade inflammation score
IVIVE In vitro to in vivo extrapolation
LCso Lethal concentration 50
LOAEL Lowest adverse effect level

Mg/kg bw/day

milligram per kilogram body weight per day

mM millimolar

N3 GA-Gau

N3 (2-carbamoyl-2-hydroxyethyl) adenine
N7-GA-Gau N7-(2-carbamoyl-2-hydroxyethyl) guanine
NHANES US National Health and Nutrition Examination Survey
NOAEL No observed adverse effect level
PCAWG Pan-Cancer Analysis of Whole Genomes
ROS Reactive Oxygen species

TDI Tolerable daily intake

THLE2 Transformed Human Liver Epithelial-2
TP53 Tumour protein 53
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TOX/2022/66 Annex A

Committee on the Mutagenicity of Chemicals in Food Consumer

Products and the Environment

Literature search on the genotoxicity of acrylamide

Background

1. Following the publication of an article that questioned the genotoxic nature of
acrylamide (AA), (Eisenbrand, 2020) EFSA provided a scientific statement to assess
whether an update on the scientific opinion on acrylamide in food was required. In
preparing their assessment, EFSA conducted a literature search on the genotoxicity
of AA for the period from the publication of the CONTAM statement (2015) to the end
of 2021. EFSA’s assessment supported the conclusions of the 2015 statement
published by the CONTAM.

2. The aim of the current search was to assess whether any new relevant
studies on the genotoxic potential of AA have been published since EFSA conducted

their latest search.
Methods

3. EFSA conducted a literature search using Web of Science which
encompasses the following databases: Web of Science Core Collection; BIOSIS
Citation Index; CABI: CAB Abstracts; Current Contents Connect; Data Citation Index;
FSTA — the food science resource; MEDLINE; SciELO Citation Index; Zoological
Record. The search strings they used, the date of the search, and the years they

encompassed are as follows:

Type Search terms years Date
Genotoxicity of Acrylamide 2015-2021 | 24/9/2021
AA AND

genotoxicity
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Adducts of AA or | Acrylamide OR glycidamide 2015-2021 | 9/12/2021
GA AND

adducts
Epidemiological | Acrylamide 2015-2021 | 17/11/2021
studies AND

Cross-sectional OR cohort OR
case-control

AND

Cancer OR carcinogenicity OR

tumours

4. The search for this current paper used the same search strings employed by
EFSA using Web of Science and an additional search in PubMed. For each string,
results were refined to reflect articles published from the end date of the EFSA

search up to mid-October 2022.

Results

Summary

5. Each search string returned several results, and some results were redundant
(i.e., identified by more than one search string). PubMed and Web of Science
returned partially non-overlapping results, highlighting the importance of scoping
both databases. However, for the epidemiology search string, PubMed returned a
large number of studies about chemotherapeutic compounds, which required manual
exclusion. The full results and citations for each search string are listed at the end of
this appendix.

6. A minority of results were relevant for the current paper and are summarised
in Annex B. The maijority of the remaining results fell into one of several general
classes not directly investigating the relationship between acrylamide exposure and
genotoxicity and/or carcinogenesis. These classes were: entirely irrelevant (i.e., not
focused on acrylamide as a toxin/contaminant), the EFSA assessment, review

articles, analysis of acrylamide in food, exposure assessments, non-genotoxic
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adverse effects of acrylamide, toxicokinetic studies, development/validation of

bioassays, and detection/analysis of acrylamide in food.

7. One study that was primarily focused on non-genotoxic adverse effects of
acrylamide (Hashem et al., 2022) also performed a comet assay analysis. Several of
the bioassay development studies provided data on the genotoxic potential of
acrylamide. These studies were included in the summaries in Annex B under

‘genotoxicity/carcinogenesis’ and are also listed below.

8. A number of studies investigating non-genotoxic effects of acrylamide that
were retrieved in the search were also summarised although this was not a
comprehensive search for other toxicological endpoints. These included in vitro, in
vivo, and epidemiology studies. Studies investigating non-genotoxic endpoints in
non-mammalian systems, or that were primarily focused on

therapeutic/interventional measures were excluded from the summaries.

9. The distribution of results amongst these classes for the three search terms is

summarised below in Table 1.

Table 1. Summary of search results by search term and category of study.

Non-
Type EFSA Reviews | EA |Food [ genotoxic
Genotoxicity 1 4 4 4 10
Adducts 0 3 8 0 12
Epidemiology |0 0 2 0 0
Type Bioassays | Irrelevant | TK | Genotoxic | Other | Total
Genotoxicity |5 3 0 3 0 34
Adducts 3 3 2 3 0 34
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Epidemiology |0 0 0 0 3 5

EFSA=EFSA assessment; EA=exposure assessment; TK=toxicokinetics.

10. A detailed breakdown of the results, and an indication of relevant studies are
outlined below. Directly relevant studies are listed, along with studies for which brief
summaries were provided, including bioassay development and validation, and

studies reporting non-genotoxic adverse effects of AA.
Genotoxicity of AA

11.  Combined unique articles from Web of Science and PubMed search for
“Acrylamide AND genotoxicity” returned 34 results. The full results are listed at the

end of this document.

12.  Of these results, three results were irrelevant to the search (i.e., not focused
on AA as a contaminant/toxin). One was the EFSA assessment, and four results
were review articles. Four articles were focused on AA exposure assessment, four
were focused on AA in food and 10 were focused on non-genotoxic adverse effects
of AA. Of the remaining seven studies, five were focused on developing and/or
validating bioassays for detecting AA-induced genotoxicity, and three were
mechanistic studies investigating AA-induced genotoxicity (one of which (Hashem et
al., 2022) did not investigate genotoxicity as the primary endpoint). The studies for

which summaries were provided are listed below in Tables 2 - 4.

Table 2. Studies assessing genotoxicity/carcinogenic potential of acrylamide.

Author Title Journal
Gouveia- Glycidamide and cis-2-butene-1,4-dial (BDA) Food and
Fernandes et | as potential carcinogens and promoters of liver | Chemical
al. (2022) cancer — An in vitro study Toxicology
Kontas Yedier | Cytotoxic, genotoxic, and carcinogenic effects | Food and
et al. (2022) of acrylamide on human lung cells Chemical
Toxicology
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Hashem et al.
(2022)

The impact of long-term oral exposure to low
doses of acrylamide on the hematological
indicators, immune functions, and splenic

tissue architecture in rats

International
Immunopharma

cology

Table 3. Studies using AA-induced genotoxicity in assay development and validation.

Author Title Journal
Barranger et Towards better prediction of xenobiotic Archives of
al. (2022) genotoxicity: CometChip technology coupled Toxicology
with a 3D model of HepaRG human liver cells
Kuo et al. Comprehensive interpretation of in vitro Archives of
(2022) micronucleus test results for 292 chemicals: Toxixology
from hazard identification to risk assessment
application
Zhang et al. Comprehensive profile of DNA adducts as both | Chemosphere
(2022) tissue and urinary biomarkers of exposure to
acrylamide and chemo-preventive effect of
catechins in rats
Table 4. Studies on general AA toxicity.
Author Title Journal

Karimani et al.
(2021)

Histopathological and biochemical alterations
in non-diabetic and diabetic rats following

acrylamide treatment

Toxin Reviews

Zhao et al.
(2021)

Comprehensive analysis of metabolic changes

in rats exposed to acrylamide

Environmental

Pollution

Adducts of AA or GA
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13.  Combined unique articles from Web of Science and PubMed search for
“(Acrylamide OR glycidamide) AND adducts” returned 47 unique results. 13 results
were co-hits from the “genotoxicity of AA” search, giving 34 new results. The full list

of (unique) results is at the end of this document.

14.  Of these results, three were irrelevant to the search (i.e., not focused on AA
as a contaminant/toxin). Three results were review articles, two were focused on
toxicokinetics of AA/GA, eight were focused on exposure/dietary assessment, 12
were focused on non-genotoxic adverse effects of AA/GA and three studies
developed bioassays for detection/quantification of AA and/or its biomarkers. The
three remaining studies were focused on AA exposure and cancer risk in humans.

The studies for which summaries were provided are listed below in Tables 5 and 6.

Table 5. Studies assessing genotoxicity/carcinogenic potential of acrylamide.

Author Title Journal
Bellicha et al. | Dietary exposure to acrylamide and breast American Journal
(2022) cancer risk: results from the NutriNet-Sante of Clinical

cohort Nutrition

Filippini et al. | Dietary Acrylamide Exposure and Risk of Site- | Frontiers in
(2022) Specific Cancer: A Systematic Review and Nutrition
Dose-Response Meta-Analysis of

Epidemiological Studies

Gu et al. The association between biomarkers of Frontiers in
(2022) acrylamide and cancer mortality in U.S. adult Oncology
population: Evidence from NHANES 2003-
2014

Table 6. Studies on general AA toxicity.

Author Title Journal
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Al-Hajm et al. | Effects of acrylamide on protein degradation Drug and

(2022) pathways in human liver-derived cells and the | Chemical
efficacy of N-acetylcysteine and curcumin Toxicology

Hogervorst et | Maternal acrylamide exposure during Drug and

al. (2022) pregnancy and fetal growth: A systematic Chemical
review and dose-response meta-analysis of Toxicology
epidemiological studies

Liang et al. Total cholesterol: a potential mediator of the Environmental

(2022) association between exposure to acrylamide Science and
and hypertension risk in adolescent females Pollution

Research

Meng et al. Association between acrylamide exposure and | Frontiers in

(2022) the odds of developmental disabilities in Public Health
children: A cross-sectional study

Tomaszewsk | Prenatal acrylamide exposure results in time- Scientific Reports

aetal. dependent changes in liver function and basal

(2022) hematological, and oxidative parameters in
weaned Wistar rats

Wan et al. Associations of Hemoglobin Adducts of Journal of

(2022) Acrylamide and Glycidamide with Prevalent Agricultural and
Metabolic Syndrome in a Nationwide Food Chemistry
Population-Based Study

Wu et al. The Association Between Exposure to Frontiers in

(2022) Acrylamide and Mortalities of Cardiovascular Cardiovascular
Disease and All-Cause Among People with Medicine
Hyperglycemia

Epidemiological Studies

15.

Combined unique articles from Web of Science and PubMed search for

“Acrylamide AND (cross-sectional OR cohort OR case-control) AND (cancer OR

carcinogenicity OR tumours)” returned 60 unique results. The majority (52) of these
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results were about chemotherapy with cancer-preventing drugs that contain
acrylamide as a functional component of the molecule and were therefore manually
excluded from the results. Of the remaining eight studies, three results (Bellicha et
al. 2022; Filippini et al., 2022 and Kontas Yedier et al., 2022) were co-hits from the
other two searches, giving five new results. These results are listed at the end of this

document.

16.  Two of these studies were about general dietary xenobiotics, one was
focused on the association between volatile organic compounds and liver injury, one
was about the association between ultra-processed foods and colorectal cancer, and
one was about the effect of coffee/tea/caffeine in breast cancer. None of the studies
were directly relevant to assessing genotoxicity/carcinogenic potential of acrylamide

per se.
Conclusions

17.  Since EFSA conducted their updated literature search to review the
genotoxicity of acrylamide, a large number of additional studies have been
published. Whilst many of these studies were not considered relevant for the current
purpose (being review articles, exposure assessments, etc.) a smaller number may
be relevant for assessing the genotoxic potential of acrylamide. Five of these studies
(three mechanistic and two epidemiological) affirm the association between
acrylamide and genotoxicity and/or carcinogenesis, three studies used AA-induced
genotoxicity as a positive control in assay development and validation, whilst one
meta-analysis did not find a dose-response relationship between acrylamide

exposure and site-specific cancers.
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