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REVIEW ARTICLE
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ABSTRACT

The Flavor and Extract Manufacturers Association (FEMA) Expert Panel relies on the weight of evidence
from all available data in the safety evaluation of flavoring substances. This process includes data from
genotoxicity studies designed to assess the potential of a chemical agent to react with DNA or other-
wise cause changes to DNA, either in vitro or in vivo. The Panel has reviewed a large number of in vitro
and in vivo genotoxicity studies during the course of its ongoing safety evaluations of flavorings. The
adherence of genotoxicity studies to standardized protocols and guidelines, the biological relevance of
the results from those studies, and the human relevance of these studies are all important considera-
tions in assessing whether the results raise specific concerns for genotoxic potential. The Panel evalu-
ates genotoxicity studies not only for evidence of genotoxicity hazard, but also for the probability of
risk to the consumer in the context of exposure from their use as flavoring substances. The majority of
flavoring substances have given no indication of genotoxic potential in studies evaluated by the FEMA
Expert Panel. Examples illustrating the assessment of genotoxicity data for flavoring substances and
the consideration of the factors noted above are provided. The weight of evidence approach adopted
by the FEMA Expert Panel leads to a rational assessment of risk associated with consumer intake of
flavoring substances under the conditions of use.
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1. Introduction

Humans have been producing nutritious and appealing foods

for thousands of years by taking basic ingredients – meats,

fish, and vegetables – and curing, drying, boiling, frying, or

roasting to make them edible and safe to store. One critical

factor in making these foods appealing, and in some cases

improving safety, has been the use of culinary enhancers,

including herbs, spices, and other ingredients to impart fla-

vor. More recently, technology has expanded the application

and range of flavors far beyond basic cooking processes.

Chemically defined flavorings can be isolated from natural

sources or created de novo. Flavors can be formulated from

these and also from naturally-derived essential oils, extracts,

and other complex materials.

It was recognized more than 60 years ago that the safety

evaluation of all flavorings, regardless of their source, was an

essential element of ensuring the safety of flavored foods. In

the USA, the safety evaluation of flavoring substances is based

on the concept of “Generally Recognized As Safe under

intended conditions of use” (GRAS) as implemented in the

Food Additive Amendment of 1958 to the Federal Food, Drug

and Cosmetic (FD&C) Act. Within the GRAS regulatory frame-

work, the Flavor and Extract Manufacturers Association

(FEMA), a US-based trade association, brought together the

FEMA Expert Panel, a group of scientists qualified by training

and experience to conduct scientifically independent evalua-

tions of the safety of food flavoring substances (Hallagan and

Hall 1995, 2009). Substances that hold FEMA GRAS status are

listed in regular publications that are authored by the FEMA

Expert Panel (GRAS 3-GRAS 28), with the most recent update

published in 2017 (Cohen et al. 2017b) and their conditions of

intended use are described therein. Additionally, the FEMA

Expert Panel has published 16 safety evaluation updates on

specific groups of flavoring substances (re-evaluations of

FEMA GRAS flavoring substances) and 17 reviews on flavorings

and issues relevant to their safety assessment including sev-

eral recent additions (Cohen et al. 2018; Smith et al. 2018).

The FEMA Expert Panel applies safety standards required

by the United States Food and Drug Administration (US FDA)

(which are also utilized by other national, regional, and

international expert bodies) in evaluating the risk that a poten-

tial flavoring substance may pose to consumers under the con-

ditions of use. The criteria used by the FEMA Expert Panel to

assess the safety of flavoring substances for the consumers

have been previously described in detail (Smith et al. 2005). In

essence, the Panel follows the three elements of the well-estab-

lished risk asse+ssment paradigm: hazard identification and

characterization, exposure assessment, and risk characterization.

First, hazard identification and characterization consider

the identity of the substance and its physicochemical and

biological properties, its metabolic fate, and its toxicity pro-

file. The hazard characterization provides dose–response data

for standard hazard metrics to enable definition of points of

departure (PODs), such as no-observed-adverse-effect-levels

(NOAELs), or benchmark dose (BMD) values, and any appro-

priate uncertainty factors or other similar adjustments based

on a review of the entire database.

Second, an exposure assessment incorporates the condi-

tions of use such as consumer food intake, levels/patterns,

and range of use levels of flavoring substance in foods for

the populations of interest.

The third and final step integrates the information arising

from the hazard identification and characterization and the

exposure assessment to conclude upon the safety of the fla-

voring substance under conditions of use by determining the

relationship between the level of consumer intake and the

applicable thresholds of toxicological concern (TTC), or other

PODs. Additionally, the relevance of possible hazards identi-

fied in vitro or in vivo studies to human safety is assessed by

considering the validity of such studies, the mode of action

(MOA) for any effects observed, and relevant species differen-

ces between humans and the animals utilized in the studies.

Since new data and methods continue to become available

and the possible consumer exposure may change, the FEMA

Expert Panel also performs periodic reevaluations of the safety

of flavoring substances. Within these reevaluations, all add-

itional relevant information is reviewed and assessed. The FEMA

Expert Panel considers any new data along with the previously

available data and updates its safety conclusions accordingly.

While it might seem ideal for all substances to be exhaust-

ively tested for any potential adverse outcomes, this is nei-

ther practical for a variety of reasons (e.g. material

availability, time, costs) nor is it scientifically necessary, and

hence not justified under the imperative to replace, reduce,

and/or refine (3Rs) animal testing. Like other expert bodies

that conduct safety evaluations, the FEMA Expert Panel has

adopted a pragmatic approach for toxicity assessment that

relies on clustering flavoring substances into congeneric

groups based on chemical structural similarity (i.e. similar

structural frame and shared functional groups) and similar

anticipated metabolic outcomes. Therefore, the GRAS assess-

ment performed by the FEMA Expert Panel includes a thor-

ough evaluation of all the available data for the candidate

flavoring substances as well as for structurally related sub-

stances that can be considered as part of the same chemical

group.1 Available information relevant to the absorption, dis-

tribution, metabolism and excretion of the flavoring and

structurally related substances provide the basis for under-

standing the biochemical fate of the substance. Particular
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attention is given to the generation of potentially toxic

metabolites as opposed to innocuous products. Data from

short-term and long-term oral administration studies of the

flavoring or structurally related substances provide a funda-

mental basis to understand the toxic potential of the sub-

stance and the potential tissue or cellular targets, including

DNA. Where available or considered necessary, specific toxic-

ities are also evaluated by considering pathological, behav-

ioral, neurotoxicity, immunotoxicity, developmental, and

reproductive toxicity data.

In this paper, the FEMA Expert Panel describes its

approach to the consideration of one aspect of toxicity – the

potential for a substance to react with DNA and/or otherwise

alter its function – which is commonly referred to as geno-

toxic potential. Herein the Panel describes its consideration

of genotoxicity data within the evaluation of safety for a fla-

voring substance. Of note, the consideration of genotoxic

potential is but one factor that is incorporated along with

others into a comprehensive safety evaluation of a flavoring

substance, including those flavorings that have not yet

attained FEMA GRAS status as well as those that are already

in the market and undergoing reevaluation for continued

GRAS status.

2. Regulatory approaches in the evaluation of

genotoxicity information

For the safety assessment of foods and food ingredients, the

relevant national or regional agencies include the US FDA,

the European Food Safety Authority (EFSA), Health Canada,

the Food Standards Australia New Zealand (FSANZ) agency,

the Japanese Ministry of Health, Labor and Welfare (JMHLW),

and the Chinese National Center for Food Safety Risk

Assessment (CFSA), among others. Additionally, the Joint

FAO/WHO Expert Committee on Food Additives (JECFA) is a

widely recognized expert body that provides scientific advice

to the Codex Alimentarius Commission. JECFA’s safety evalua-

tions are broadly recognized by numerous regulatory bodies.

Although the outcome of JECFA’s evaluations does not

have any direct bearing on the regulatory approval of use of

a food additive in any specific country, its evaluations are

widely recognized and may affect an application for approval

for a new food additive in a particular country.

The above and other regulatory agencies and the evalu-

ation bodies within them utilize genotoxicity testing batteries

that include complementary in vitro and in vivo assays to

assess different modes of genotoxic potential. In general, sci-

entific expert bodies agree that the purpose of genotoxicity

testing of substances in food is

� To identify substances that have the potential to cause

genetic damage in humans,

� To predict potential genotoxic carcinogens in cases where

carcinogenicity data are not available, and

� To contribute to an understanding of the mode of action

of chemical carcinogens.

The default position for some regulatory bodies, in those

cases where genotoxicity testing has provided strong evi-

dence of confirmed positive genotoxic potential, is that there

is no acceptable level of exposure. For other regulatory

bodies, a consideration of the genotoxicity data, as well as

the potential exposure and possible mode of action, are used

to make an assessment of genotoxic risk. In either case, some

understanding of genotoxic potential is generally considered

essential for completing the safety evaluation of a putative

food ingredient and ultimately developing a conclusion as to

whether it should be allowed for use in foods. Since the

1980s, and regardless of the level of precaution that the

regulatory agency applies, a tiered approach to genotoxicity

testing has been favored. In this tiered approach, prior to

testing, a consideration of the chemical structure and

resulting possible alerts for genotoxicity are considered.

Appropriate in vitro genotoxicity studies are conducted as

considered necessary and in vivo studies are conducted as

follow-up testing in the case of positive results in the in vitro

testing. One notable exception to this approach is the EU dir-

ective for cosmetics testing, which mandates that to comply

with EU legislation no animal testing of cosmetic products

can be performed (EU 2009).

Regulatory and other expert bodies around the world have

been using read-across and weight-of-evidence approaches

that incorporate considerations of all relevant data on the sub-

stance and/or structurally related substances being evaluated.

Such data can provide important context when drawing con-

clusions about the relevance of the results of genotoxicity

studies. This context can include the known or anticipated

chemical reactivity (related to site-of-contact impacts, such as

local inflammation), bioavailability, metabolism, toxicokinetics,

target tissue(s) exposure, and target organ specificity.

2.1. The FEMA Expert Panel approach to the

genotoxicity evaluation of flavoring substances

The FEMA Expert Panel’s philosophy and general approach to

the safety evaluation of flavoring substances have been

described in the context of its criteria for the safety evalu-

ation of chemically-defined substances (Smith et al. 2005)

and of natural flavor complexes (Smith et al. 2005; Cohen

et al. 2018). Although these criteria do not prescribe a

specific battery of genotoxicity tests, the FEMA Expert Panel

considers genotoxic potential to be a critical element that

must be adequately addressed before a safety conclusion can

be reached.

Genotoxicity testing, as with other toxicity testing, can

provide information relevant to the hazard potential of the

tested substance. For the FEMA Expert Panel, a genotoxic risk

to the consumer is determined not purely by an inherent

ability of a substance to interact with DNA under testing con-

ditions (i.e. identification of a potential hazard) but also by

evaluating the likelihood that such an event is manifested in

an in vivo functional phenotype and whether that is likely to

be a human-relevant risk. Theoretically, genetic damage

poses a safety concern only if (a) interaction with genetic

material is likely to occur in vivo; (b) the genetic interaction,
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which is a stochastic event, occurs at a relevant genetic locus

in a coding or otherwise functional DNA sequence (rather

than as a silent DNA modification); (c) repair is insufficient

(DNA repair capacity is exceeded); and (d) the phenotype of

the genetic damage has biological consequences (i.e. leads

to cancer, germ cell damage, or other cell/tissue disruption)

(Vogelstein et al. 2013; Klapacz et al. 2016; Liu et al. 2016;

Basu 2018).

In this light, a genotoxic risk is defined as the combination

of the hazard inherently associated with a substance and the

conditions necessary for the functional expression of that

hazard, which is dose-dependent. Therefore, the FEMA Expert

Panel conducts a complete assessment of probable risk

rather than merely a hazard assessment limited to the intrin-

sic genotoxic potential (hazard) of flavoring substances. This

can involve the use of an appropriate TTC value for geno-

toxic potential, currently considered as 0.15 mg/person/day

(Kroes et al. 2004; Boobis et al. 2017).

In a recent publication, describing its updated procedure

for the safety evaluation of natural complex mixtures used as

flavoring substances, the FEMA Expert Panel incorporated the

TTC concept for compounds that are potentially genotoxic

(Cohen et al. 2018). Within that publication, the Panel’s

approach to the consideration of the genotoxic potential of

known and unidentified compounds is described. The

updated procedure acknowledges that some constituents of

natural complex mixtures, whether identified or unidentified,

may possess genotoxic potential and determines whether

that potential poses appreciable genotoxicity risk to the con-

sumer, when test data are not available. The TTC for evalu-

ation of genotoxicity risk (TTCgenotox) of 0.15 mg/person/day

was proposed by Kroes and colleagues (Kroes et al. 2004) as

the dose below which cancer risk does not exceed 1 in 106,

specifically for compounds that have structural alerts for gen-

otoxicity other than those of highly potent carcinogens, such

as aflatoxin, certain azo- and azoxy-compounds or N-nitroso-

compounds, for which no threshold can be determined. The

TTCgenotox is 10-fold lower (more stringent) than the thresh-

old of regulation (TOR) for cancer risk previously established

for substances with no indication of DNA reactivity [for

details, see (Kroes et al. 2004; Boobis et al. 2017; Patlewicz

et al. 2018)]. The application of the TTCgenotox is consistent

with a risk assessment approach rather than a strict hazard

evaluation (EFSA 2016; Nohmi 2018). In the absence of test

data, the safety evaluation procedure for flavoring substances

proposes that intake below the TTCgenotox presents negligible

concern for genotoxicity.

2.2. The JECFA approach to genotoxicity evaluation of

flavoring substances

To date, JECFA has evaluated over 2200 flavoring substances

that are used globally. JECFA reviews data for flavorings in

groups of structurally similar substances (“JECFA group”). The

JECFA flavoring groups undergo evaluation using a

Procedure for the Safety Evaluation of Flavoring Agents, and

the data and resulting conclusions are published in flavor

monographs (Food Additive Series No. 40-73).2 While within

the procedure applied from 1997-2016 there were no system-

atic approaches to the consideration of genotoxic potential

nor any explicit requirements for genotoxicity data, JECFA

has applied a weight-of-evidence approach to incorporate all

available information. This process includes data from geno-

toxicity and toxicity studies, as well as established or expert

knowledge on metabolism and chemical reactivity. JECFA

requested additional toxicity data in some cases, including

genotoxicity data, in order to have a sufficient data set upon

which it could base its weight-of-evidence conclusions.

In 2016, JECFA revised its procedure for the safety evalu-

ation of flavoring substances by incorporating consideration

of genotoxicity alerts and available data as the first step

before consideration of other available information (JECFA

2016). This gives priority to an assessment of genotoxic

potential prior to completing the full safety evaluation

through the JECFA procedure. Notably, the updated JECFA

procedure does not simply assess whether a flavoring sub-

stance has given positive results in in vitro or in vivo geno-

toxicity studies; rather, it works to reach a conclusion as to

whether the substance is anticipated or demonstrated to be

a DNA-reactive carcinogen. The first JECFA evaluations of fla-

vorings that utilize this new procedure were conducted in

June 2018, and the detailed reports that describe how JECFA

has applied this approach were recently published

(JECFA 2019).

2.3. The EFSA approach to genotoxicity evaluation of

flavoring substances

To date, EFSA has evaluated the safety of flavorings in the

European market by subdividing them into 34 groups accord-

ing to their chemical structure, with a chemical group desig-

nation (EC CG 1-34) as defined by the European Commission

(Regulation (EC) No. 1565/2000; Annex I).3 Out of those initial

34 main groups, 28 subgroups of flavorings with

a,b-unsaturated carbonyl moieties were formed and eval-

uated separately for genotoxicity prior to further safety evalu-

ation. Testing, if required, was performed on specified

representative substances of each subgroup (EFSA 2008a)

according to EFSA’s published test strategy (EFSA 2008b).

EFSA has prescribed a systematic and step-wise approach

for the generation and evaluation of data on genotoxic

potential (EFSA 2011). This approach relies upon:

� a battery of in vitro tests that cover mutagenicity and

chromosomal damage endpoints; this battery includes

the bacterial reverse mutation test (OECD 1997) and an

in vitro mammalian cell micronucleus test (OECD 2016b);

� consideration of whether specific structural features of

the test substance or test conditions might require add-

itional testing beyond the recommended in vitro tests

(i.e. by other in vitro or in vivo tests in the basic battery);

� additional considerations in the event of positive results

from the basic in vitro battery, including a careful review

of the data and the test substance;

� where necessary, an appropriate follow-up in vivo study

(or studies) to assess whether the genotoxic potential
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observed in vitro is expressed in vivo. For instance, the

in vivo comet assay (OECD 2014) is an indicator assay

that is considered as an appropriate follow-up test to

resolve equivocal or positive in vitro mutagenicity or

chromosomal damage tests, along with the transgenic

rodent mutation assay (OECD 2013).

The EFSA Scientific Committee has recently published

updated guidance on the interpretation of genotoxicity test-

ing data (Hardy et al. 2017). Part of the scope of that publica-

tion was to provide clarity and transparency on the rationale

and application of the weight-of-evidence approach in the

interpretation of genotoxicity data. Drawing on the previ-

ously published EFSA Scientific Opinion on genotoxicity test-

ing strategies (EFSA 2011) and Guidance on the use of the

Weight of Evidence approach in scientific assessments (EFSA

2017), EFSA’s weight-of-evidence approach to genotoxicity

assessment includes assembling, weighing, and assessing

data quality and availability on genotoxicity itself and any

other relevant data within the overall hazard assessment.

EFSA emphasized consideration of uncertainties in the scien-

tific assessments, including clear and unambiguous identifica-

tion of the sources of uncertainty and their impact on the

assessment outcome. EFSA considers uncertainty assessment

directly relevant to cases where, based on the available

in vitro and in vivo results from the standard battery of geno-

toxicity assays, it is not possible to conclude on the absence

of genotoxicity with confidence (standard or preferred bat-

tery of tests is not available or results in vitro and in vivo are

inconsistent). In these cases, EFSA considers all available data

that may reduce the uncertainty, such as mode of action,

results of carcinogenicity studies, reproductive toxicity, toxi-

cokinetic studies, read-across from structurally related sub-

stances and predictions from quantitative structure-activity

relationship (QSAR) models, and reliable data from non-

standard tests/endpoints (e.g. presence of DNA adducts). If

despite all lines of available evidence, it is still not possible

to conclude on the genotoxicity, EFSA would require add-

itional data to reduce the uncertainty before concluding on

the genotoxic potential of a flavoring substance.

3. Genotoxicity datasets reviewed by the FEMA
Expert Panel

Screening genotoxicity tests originally emerged as surrogates

for the expensive and resource-intensive rodent bioassay

based on the premise that indication of DNA damage can be

a predictor of carcinogenicity, while they had the additional

advantage of requiring less time to conduct and fewer

resources than cancer bioassays. Currently however, these

screening tests are often employed for the evaluation of gen-

otoxicity as an endpoint in itself. Starting with the Salmonella

typhimurium reverse mutation assay, known as the Ames

assay or bacterial reverse mutation assay, other variant muta-

tion assays were developed in mammalian cells that incorpo-

rated the complexity of chromosomal organization and

assess mutations at specific gene loci (usually tk and hprt)

and chromosomal damage. Additionally, in vivo genotoxicity

assays in rodents were soon developed. In all cases, the out-

put is an indication of the potential of substances or their

metabolites to react or interact directly with DNA. Although

the results of such tests do not directly address the carcino-

genic potential of a substance, they provide indicative infor-

mation to determine whether further assessment may be

necessary to address such a concern.

It is generally agreed upon that genotoxic activity can be

due to multiple possible mechanisms and a battery of com-

plementary tests is often used in combination with expert

judgment, structural alert systems, or other relevant data to

derive conclusions about genotoxic potential. To address

both the possibility of mutagenicity (i.e. DNA damage result-

ing in irreversible and/or heritable changes to the genetic

sequence of an organism) and other genotoxic effects (such

as single or double-strand DNA breaks, DNA cross-linking, or

structural or numerical chromosomal damage), several geno-

toxicity assays have been developed. Some of these assays

have undergone validation and test guidelines for their

proper conduct have been published by the Organization for

Economic Cooperation and Development (OECD) (OECD

2017). Although the OECD testing guidelines (TG) for some of

the older assays have been deleted when their utility and

validity were determined to be insufficient,4 currently pub-

lished OECD testing guidelines still include some older tests

that are no longer considered reliable, including for example

the mouse heritable translocation assay (TG 485) due to the

number of animals required and the unscheduled DNA syn-

thesis (UDS) test with mammalian liver cells in vivo which

does not respond to all types of DNA damage (OECD 2017).

Current genotoxicity OECD guidelines in effect today include:

the bacterial reverse mutation test (Ames test, vide supra) (TG

471), in vitro mammalian chromosomal aberration test (TG

473), mammalian erythrocyte micronucleus test (TG 474);

mammalian bone marrow chromosomal aberration test (TG

475); in vitro mammalian cell gene mutation test using the

hprt or xprt locus (TG 476); rodent dominant lethal assay (TG

478); mammalian spermatogonial chromosome aberration

test (TG 483); mouse heritable translocation assay (TG 485);

unscheduled DNA synthesis test with mammalian liver cells

in vivo (TG 486); in vitro mammalian cell micronucleus test

(TG 487); transgenic rodent somatic and germ cell gene

mutation assays (TG 488); in vivo alkaline comet assay (TG

489) and in vitro mammalian cell gene mutation tests using

the thymidine kinase gene (TG 490).

3.1. Genotoxicity data packages for

flavoring substances

The FEMA Expert Panel and JECFA have traditionally had

access to the same data for the evaluation of safety of flavor-

ing substances. The FEMA Expert Panel reviews a new appli-

cation for consideration of FEMA GRAS status for each new

flavoring substance individually, in what is essentially a pre-

market approach in the United States and subsequently

JECFA reviews the same data in groups of structurally related

substances. Periodically the FEMA Expert Panel also conducts

reevaluations of structurally similar substances when new
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data become available or when changes in the use of the fla-

voring substance are likely to change the estimated con-

sumer intake. The same data packages provided to the FEMA

Expert Panel in support of new flavoring substances are also

provided within the chemical group dossiers submitted for

JECFA review. Further, these same data packages along with

the appropriate JECFA evaluation (if previously available) and

any updated literature are also reviewed by EFSA for their

independent safety evaluations.

The following section examines the genotoxicity data and

determinations available for flavorings as published by the

FEMA Expert Panel (Adams et al. 1996, 1997, 1998; Newberne

et al. 1999; Smith et al. 2002; Adams et al. 2004, 2005a,

2005b, 2005c, 2007, 2008, 2011; Marnett et al. 2014; Cohen

et al. 2016; Cohen et al. 2017a; Cohen et al. 2019) or by

JECFA in a series of published monographs as referenced

previously (Food Additive Series No. 40-73).2 Although most

flavorings considered FEMA GRAS also have completed JECFA

safety evaluations, there are some FEMA GRAS flavorings for

which the evaluations at JECFA are pending due to the 2-

year cycles of flavor evaluations at JECFA. There are also

some for which additional tests have been requested to com-

plete the evaluations at JECFA.

A summary of genotoxicity testing and frequency of nega-

tive and positive outcomes is shown in Table 1 (in vitro) and

Table 2 (in vivo) for a sampling of flavoring substances within

eight JECFA chemical groups. Each substance may have been

tested in more than one assay, sometimes more than once in

the same assay (e.g. multiple Ames assays), so both the num-

ber of tests conducted and the number of substances that

have been tested in at least one genotoxicity assay are

shown for each JECFA group, along with the total number of

substances in each group. The summary of in vitro genotoxic-

ity testing is subdivided into Ames tests (mutagenicity) and

non-Ames tests, as the Ames test is the most commonly per-

formed assay and is usually the first screening assay per-

formed to explore possible genotoxic potential. The number

of Ames assays is greater than the number of any other

in vitro genotoxicity assay available to the FEMA Expert

Panel. The non-Ames tests are further divided into the most

commonly conducted assays. Several substances have been

tested in less common, older, and/or non-standard assays;

those are grouped as “other,” and the test names are listed

in table footnotes. Typically, substances selected for testing

are structurally representative of the chemical group and

many are widely used (>10 kg/year).

The majority of flavoring substances have given negative

results in all genotoxicity/mutagenicity tests conducted on

them in vitro or in vivo. There are cases where a flavoring

substance was reported to show a positive result in one of

several in vitro or in vivo tests, while being negative in the

rest, e.g. only one substance (isobutyraldehyde) was recorded

as positive in the Ames assay, and then only with a modifica-

tion of the assay (gradient plate technique) among all sub-

stances tested in chemical group 5 (Table 1). However,

isobutyraldehyde was negative in all other in vitro tests,

including standard Ames tests. Most flavoring substances

were negative in the Ames assay (Table 1), while a number

of flavoring substances gave positive results in non-Ames

tests. For substances with positive results in the Ames assay,

e.g. in chemical groups 34 and 47, in vivo testing is typically

available (Table 2). Generally, the majority of the positive

responses for flavoring substances has typically been

obtained from older, often obsolete assays that either fall

short of current testing guidelines or are no longer in use

due to inherent limitations. While the Panel does not disre-

gard any available genotoxicity studies without careful

review, it places particular value on those studies for which

there are current OECD guidelines and for which modern

methods have been used. This point is illustrated in Figure 1

for two JECFA groups (groups 4 and 30), where the propor-

tions of negative and positive genotoxicity tests are shown

for each test. Additionally, as valuable new testing

approaches become available, with OECD guidelines devel-

oped,5 the Panel incorporates data from these assays with

the same weight as other, established assays.

In cases of equivocal or positive results in the in vitro

tests, elements of study quality and inherent limitations of

each assay are considered when interpreting the data and

additional in vitro or in vivo testing assists in the interpret-

ation by providing additional information. In vivo tests have

been primarily conducted to follow up on equivocal or posi-

tive in vitro findings, and thus there are fewer in vivo than

in vitro assays. When tested in vivo, flavoring substances are

typically negative for genotoxicity in the three preferred

in vivo tests (transgenic rodent mutagenicity, bone marrow

micronucleus, and comet assays) (Table 2). The results of car-

cinogenicity studies, when available, are used to further

inform expert judgment in the weight-of-evidence assess-

ment. The last column on the right in Table 2 reflects the

overall conclusion from the weight-of-evidence assessment

with the number of substances for which there is currently

remaining concern of genotoxicity.

As a general observation, the larger the number of in vitro

genotoxicity tests that have been conducted on a substance,

the higher the probability that positive responses may be

observed, based merely on the statistical probability of 5%

false positive outcomes at the 95% confidence level typically

used in statistical analysis of test results (Kirkland et al. 2005;

Kirkland et al. 2007). Given that there are several factors that

may contribute to a non-specific (false) positive result in vitro

as discussed in Section 4, positive results for flavoring sub-

stances in in vitro assays are typically not confirmed in in vivo

studies, with notable exceptions, e.g. 4-hydroxy-2,5-dimethyl-

3(2H)-furanone (EFSA 2015a) and 3-acetyl-2,5-dimethylthio-

phene (Cohen et al. 2017a). These two substances also

illustrate the critical role of weight-of-evidence in reaching

final conclusions with regards to genotoxicity risk. For

3-acetyl-2,5-dimethylthiophene, the genotoxicity concern

could not be eliminated (Table 2, JECFA group 34), partly

because the biological relevance of the results could not be

dismissed and relevant rodent carcinogenicity studies that

could provide additional information were lacking. As a

result, the FEMA Expert Panel revoked its GRAS status (see

discussion in Section 5.1) (Cohen et al. 2017a). EFSA also

determined that 3-acetyl-2,5-dimethylthiophene was muta-

genic in vitro and in vivo and concluded that its use as flavor-

ing substance raises a safety concern (EFSA 2013a). In

6 N. J. GOODERHAM ET AL.
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contrast, there was no remaining concern for the use of 4-

hydroxy-2,5-dimethyl-3(2H)-furanone as a flavoring, despite

the positive in vivo genotoxicity data. Any concern raised by

the test results was eliminated based on metabolism and

mode of action data consistent with reactive oxidative spe-

cies formation, as well as the availability of a negative car-

cinogenicity study (JECFA 2005; Smith et al. 2009) and

absence of gonadal effects in a male rat fertility study (EFSA

2015b). In other cases, genotoxicity concern raised by posi-

tive in vivo results was assessed based on specific considera-

tions: (a) acetaldehyde was reported positive in one in vivo

bone marrow micronucleus assay in mice at very high levels

of intraperitoneal dosing, which is not considered relevant

for oral exposure (JECFA 1998a, 1998b) (see Table 2, JECFA

group 4); (b) ethyl acrylate and 2-hexenal were reported to

increase micronuclei frequencies in the bone marrow or buc-

cal cells, respectively, in two older studies (Table 2, JECFA

group 47); however, ethyl acrylate was administered intraper-

itoneally in that study and the findings of both studies were

superseded by negative results in later studies (JECFA 2005,

2006; Adams et al. 2008). The overall interpretation with

regards to the genotoxicity of these substances was not

solely based on any single study but on the quality criteria

detailed in Section 4 and the overall weight of evidence as

discussed in Section 5.

4. Interpretation of genotoxicity data in FEMA GRAS
evaluations

As described above, the FEMA Expert Panel endeavors to

conduct a comprehensive safety evaluation when considering

the GRAS status of flavoring substances, rather than a hazard

assessment alone. The FEMA Expert Panel’s evaluation pro-

cess leads to a conclusion of the probable risk to consumers.

The FEMA Expert Panel assesses probable risk when evidence

of genotoxic potential meets two conditions. First, there are

either structural alerts and/or positive results in genotoxicity

assays where findings are biologically relevant to humans

(further discussed in Section 4.3); second, the findings indi-

cate a concern under the conditions of use of flavoring sub-

stances. Whether assay results are clearly positive, clearly

negative, or equivocal, the FEMA Expert Panel interprets indi-

vidual assays within the context of all relevant data. The

value of the results of each genotoxicity assay within the

overall evaluation (relative to all of the available data) is

determined by three critical elements: (1) the study quality,

(2) biological relevance of assay results, and (3) human rele-

vance, as discussed in detail below. Where available, negative

results from well-conducted in vivo genotoxicity studies

would typically outweigh positive in vitro results, provided

they reflect the same genotoxic mode of action (i.e. mutage-

nicity or chromosomal damage). Flavoring substances that

contain structural alerts for genotoxicity, such as

a,b-unsaturated carbonyl moieties, reactive aldehyde moi-

eties, a-ketone functionality, epoxide groups, or aromatic het-

erocyclic groups, are subject to particular scrutiny and

require a comprehensive dataset of high quality genotoxicity

studies as well as specific data on metabolic fate and kinetics

to unequivocally eliminate any genotoxicity concern. The

FEMA Expert Panel considers the totality of the scientific

information to resolve conflicting data. The critical factors

affecting both the outcome of the genotoxicity tests and the

interpretation of the results are discussed below.

4.1. Study quality

Before the FEMA Expert Panel reviews the results of a study

in detail, the quality of the study is evaluated based on

broadly recognized criteria for study acceptance. Adherence

to internationally accepted testing guidelines, such as those

of the OECD provides strong confidence that the study is

likely well-conducted, reproducible, and reliable. The OECD

publishes guidelines only after extensive inter-laboratory val-

idation of each assay has been conducted and the accept-

ance criteria for the proper performance and evaluation of

assays are detailed within each guideline. Additionally, adher-

ence to Good Laboratory Practices (GLP) provides confidence

in the quality of experimental conditions and has been estab-

lished by OECD (OECD GLP), or regulatory authorities (US

FDA GLP). Non-OECD guideline studies, either predating the

publication of the guidelines or not fully adhering to the
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Figure 1. Negative and positive tests as percentages of all in vitro tests con-
ducted for JECFA chemical groups 4: Saturated aliphatic acyclic linear primary
alcohols, aldehydes and acids (85 in vitro tests), and 30: Aliphatic acyclic diols,
triols, and related substances (82 in vitro tests). The pie chart on the left shows
the percentages of negative and positive tests relative to all tests conducted for
the chemical group: Ames assay; micronucleus (MN); mouse lymphoma assay
(MLA); sister chromatid exchange; chromosomal aberrations (CA). The pie chart
on the right shows the contribution of specific assays among the positive tests.
The fraction “other” includes less frequently encountered tests (see
Table 1 footnotes).
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guidelines, are reviewed carefully with an eye to documenta-

tion of indicators of good study quality (similar to individual

quality criteria described in the guidelines). These may

include the justification of selected concentration or dose

ranges tested, the adequacy of treatment time and sampling

timing, detailed documentation of the conditions and proce-

dures of tissue collection and processing, adequate data pres-

entation, data variability, and statistical analysis. However,

the FEMA Expert Panel is of the opinion that current studies

are more stringent, based on knowledge of study perform-

ance, pitfalls, and limitations that has accumulated over the

decades of genotoxicity testing. Particular attention is given

to study conditions that are now recognized as sources of

artifacts, giving rise to misleading results, or that would

limit the biological relevance of the findings, even if these

were not yet recognized at the time of the study

publication. For example, it is critical that a study adequately

documents how concentration or dose selection is justified,

either by preliminary testing or previously available informa-

tion on the cytotoxicity or systemic toxicity of the

substance. Sufficient confidence that the test substance is

properly identified and of appropriate purity is also important

to understand whether the test substance was appropriate

for testing, and not, for instance, degraded or oxidized.

A study of good quality is also one that has adequately

addressed sources of artifacts that may compromise the val-

idity of the results (see Section 4.2 on biological

relevance, below). Such artifacts include interactions between

the test substance and components of the culture medium,

which can lead to production of reactive oxygen species

(Kirkland 2011); high osmolality, high ionic strength, and

extremes of pH, which can lead to artifactual positive

responses in mammalian cell genotoxicity tests (Brusick 1987;

Scott et al. 1991).

As mentioned, a portion of genotoxicity data for flavoring

substances reviewed by the FEMA Expert Panel is from stud-

ies that predate OECD guideline publications. Therefore, at

the time of periodic updates of the GRAS status of flavoring

substances, the FEMA Expert Panel reevaluates previously

reviewed data using current criteria of assay validity.

Updated testing may be considered necessary to confirm the

safety of flavoring substances and reaffirm their GRAS status

if older data are determined to be insufficient according to

current criteria. It is recognized that adherence to current cri-

teria is not a strict requirement but rather a first factor to

determine whether the study could be useful in a

safety assessment.

4.2. Biological relevance

For an increase in the frequency of mutants or other parame-

ters indicating DNA damage (or absence of it) to be

biologically meaningful, several factors must be scrutinized.

Evidence of DNA damage may not be biologically relevant if

it is the result of certain experimental conditions such as

(1) excessive cytotoxicity, (2) an inadequate dose-response

relationship, (3) high data variability, (4) absence of a DNA

repair system within the assay system, or (5) other inherent

assay performance limitations. These conditions resulting in

assay artifacts and false positives are discussed in

more detail.

4.2.1. Cytotoxicity

Dose-dependent cytotoxicity is known to induce artifacts in

in vitro assays and must be carefully considered (Kirkland

et al. 2007). Cytotoxicity observed in vitro is used to establish

the maximum concentrations up to where meaningful

data are collected. For all in vitro assays, the treatment period

is relatively short (often 3–24 h), but long enough to allow

the genetic damage to occur and become heritable.

Longer duration of exposure is not appropriate, since the fre-

quency of cytogenetic damage may decrease with time

either via apoptosis or by differential growth of non-dam-

aged cells. Therefore, in vitro tests are typically conducted at

concentrations high enough to induce a detectable level of

genetic damage in short treatment periods (OECD 2017).

However, since such high concentrations can lead to signifi-

cant cellular perturbations and cytotoxicity, limits of cytotox-

icity (e.g. �50–60% in the in vitro micronucleus assay) are

considered, above which genotoxicity scoring is not mean-

ingful (Galloway 2000; Honma 2011). The Panel notes that

cytotoxicity at any level can result in DNA damage and

should be taken into consideration when interpreting

assay results.

Among the different methods used to determine cytotox-

icity, those that account for dividing cells rather than simply

cell counts are preferred (Fellows and O’Donovan 2007;

O’Donovan 2012). Specifically, evidence suggests that non-

physiological conditions (i.e. unusual pH or osmolality) that

significantly inhibit cell division often lead to irrelevant geno-

toxicity that results in false-positives (Brusick 1986; Brusick

1987). Measurements of cytotoxicity are used for two objec-

tives: (1) to better define the concentrations to be used in

the main experiment and (2) to demonstrate sufficient expos-

ure of the cells. Cytotoxicity measures based on cell prolifer-

ation are preferred for genetic toxicology tests and,

consequently, have been incorporated into the revised OECD

TGs. As a result of recognizing the significance of cytotoxicity

indicators, the OECD recently updated its published guide-

lines for two cytogenetic assays including the in vitro micro-

nucleus (OECD 2016b) and in vitro chromosomal aberration

assays (OECD 2016a) to include recommendations for the use

of cytotoxicity indices such as relative population doubling or

relative increase in cell count (RICC). These updates take cell

cycles/growth into consideration, instead of relative cell

counts (RCC) (Fellows et al. 2008; Fowler et al. 2012b). These

changes were anticipated to reduce false positive outcomes

due to cytotoxicity. Reanalysis of previously reported results

of in vitro cytogenetic assays based on updated cytotoxicity

evaluation can lead to more accurate assessment of flavoring

substances that were previously determined to be genotoxic.

For example, an algorithm has been developed to predict

the likelihood that test results (positive or negative) would

change when updated cytotoxicity indices are employed for

previously published studies for the in vitro chromosomal

aberration test (Honda et al. 2018). This algorithm was used
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to examine >100 substances retrospectively in a database

with in vitro chromosomal aberration test data. By utilizing

these updated cytotoxicity indices, several false positives

were reclassified as negative results (Honda et al. 2018). Thus,

the method of cytotoxicity assessment employed is an essen-

tial factor that the FEMA Expert Panel takes into consider-

ation when determining the reliability of in vitro cytogenetic

assay results.

Evaluation of mutagenicity in vitro requires dividing cells

through the gene expression phase of the assay and during

the cloning for mutant selection. Therefore, test results are

meaningful in these assays within the range of test concen-

trations that allow not only for cell survival but also for cell

proliferation. For an in vitro mammalian cell gene mutation

test, like the mouse lymphoma assay, the relative total

growth (RTG) is the recommended measure of cytotoxicity

(OECD 2016d). For other gene mutation assays, the relative

survival (RS) is recommended. RS is the relative cloning effi-

ciency of cells plated immediately after treatment and

accounts for cell loss during treatment. When evaluating new

substances for GRAS consideration or reevaluating those

already with GRAS status, the FEMA Expert Panel examines

the cytotoxicity methods used as part of the assessment of

the results of any individual genotoxicity assay.

4.2.2. Dose or concentration–response

Evidence that the genotoxic effect is dose- or concentration-

dependent is one of the three key criteria (along with statis-

tically significant difference from concurrent control and

exceeding of the historical control range) put forth in OECD

guidelines for results of genotoxicity assays to be interpreted

as positive, whether in vitro or in vivo. The requirement for a

consistent increase in response with increasing concentra-

tion/dose prevents erroneous interpretation of genotoxicity

on the basis of a spurious increase at a single concentration/

dose level (or within a single animal).

4.2.3. Variability and reproducibility

Some genotoxicity assays, such as the in vivo comet assay,

have significant parameter and results variability (Speit et al.

2015). Variability may be due to poor study quality, the

nature of the endpoint, small effect size (e.g. amplified differ-

ences between low-frequency events such as micronuclei fre-

quency), influence of technical artifacts (e.g. physical damage

to DNA during sample preparation for the comet assay), the

cell type (for in vitro assays), or other factors that impact the

performance of the assay. Generally, significant variability

within the data collected in a study requires a repeat of the

experiments, although the sources of variability cannot

necessarily be controlled simply by repeating the test. Large

data variability and the resulting lack of reproducibility

reduce the reliability of genotoxicity testing results, and this

increases the uncertainty in determining whether a substance

might actually possess genotoxic potential. Nonetheless,

repeated experiments might provide additional data to assist

interpretation. In the case of high variability, the FEMA Expert

Panel turns to other sources of evidence, including other

genotoxicity data and other information to confirm the data.

4.2.4. Functional DNA repair systems

Cell-based in vitro test systems have been established as

valid assays to identify possible genotoxic potential and are

often preferred as the first screening tools. The acceptance of

cell-based assays is based upon the universality of genotoxic

modes of action that lead to DNA mutations or chromosomal

damage. This approach is applied despite the recognition

that cells in culture, particularly immortalized cell lines,

behave differently than the same cells present in in vivo test

systems. In essence, removal of the cells from their biological

context (e.g. the multicellular 3-dimensional tissue environ-

ment) has a significant impact on how the cells grow, sur-

vive, and respond to xenobiotics such as those encountered

in genotoxicity testing. Some cell lines commonly used in

genotoxicity testing have the potential to undergo genetic

drift and changes in karyotype, changes in gene expression

patterns, loss of key genes, or loss of other cell functions crit-

ical for the maintenance of genetic stability, such as func-

tional DNA repair systems (Kirkland et al. 2007; Fowler et al.

2012b; Whitwell et al. 2015). Reduced or absent DNA repair

increases the probability that DNA damage is “fixed” and is

associated with both higher background of DNA damage and

higher responses to test substances. The increased frequency

of DNA damage that escapes repair increases the probability

of random damage being detected and therefore increases

the frequency of false-positive results. A systematic compari-

son of false-positive results among commonly used cell lines

has revealed that V79, CHL, or CHO cells do not have a func-

tional p53 gene and are prone to higher frequencies of mis-

leading positive genotoxic outcomes (60%, 66%, and 53%,

respectively) compared to p53-competent cells such as

human lymphocytes, TK6 cells and HepG2 cells (17%, 40%,

and 23%, respectively) (Pfuhler et al. 2011; Fowler et al.

2012b; Whitwell et al. 2015). Therefore, positive results

obtained using p53-deficient cells or cells lacking other DNA

repair systems are interpreted with caution, preferably in a

context of additional relevant data, while data from human

lymphocytes are regarded as more reliable.

4.2.5. Assay performance in predicting possible human

genotoxic hazard

All genotoxicity assays are experimental models that attempt

to identify the possibility of genotoxic effects (or lack thereof)

in humans. As models, genotoxicity assays are subject to

inherent limitations for correctly detecting true genotoxic

activity (assay sensitivity) and correctly eliminating concern

for a non-genotoxic substance (assay specificity). Failure of

an assay to identify a true positive result (known as false

negative outcomes, or low sensitivity) is primarily a concern

for regulators as it reflects unidentified and therefore unmiti-

gated hazard, while failure to eliminate non-genotoxic

substances (known as false positives outcomes, or low speci-

ficity) leads to unnecessary follow-up testing and unnecessary

animal use. As human genotoxicity data are very limited, the
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performance of genotoxicity assays has been measured

against results from animal carcinogenicity studies. Typically,

these are rodent bioassays, but it should be noted that some

rodent tumors do not adequately reflect the human situation

(discussed in Section 4.3). If not properly evaluated, rodent

tumor data may lead to the incorrect conclusion that nega-

tive genotoxicity assay results are falsely negative when they

are not, i.e. leading to the incorrect conclusion that the assay

lacks sensitivity. In contrast, negative rodent carcinogenicity

results challenge assay specificity, suggesting that positive

genotoxicity assay results may be falsely positive.

Considering current understanding of the complexity of car-

cinogenesis and its relationship to genotoxicity, and the limi-

tations of the traditional rodent bioassay, the FEMA Expert

Panel maintains reservations about the published rates of

assay sensitivity (false negative rates) when measured against

the rodent bioassay.

The FEMA Expert Panel interprets results cautiously when

obtained from a single assay. However, the benefit of assay

combinations in strengthening the reliability of results comes

with increased probability of false positive results, particularly

for in vitro assays, simply by addition of the statistical prob-

ability of 5% false positive rate per test. Indeed, false positive

outcomes are considered to be a more substantial challenge

to interpretation than false negative ones (Kirkland et al.

2007). Systematic analysis of assay predictivity has revealed

that up to 80% of 177 non-carcinogens (i.e. negative in the

rodent bioassay) were positive in at least one in vitro geno-

toxicity assay when multiple assays were conducted (Kirkland

et al. 2005). The Ames assay has a significantly lower rate of

false positives than other genotoxicity assays (Kirkland et al.

2005, 2007), and positive results from the Ames assay are

relatively sparse in the chemical space of flavoring substan-

ces. Thus, positive results in Ames assays warrant careful con-

sideration and often require further data to appropriately

assess the possible mutagenic activity in humans. A recent

analysis suggests that positive results in Ames assays are not

indicative of in vivo mutagenic or carcinogenic activity if

accompanied by negative results in two mammalian cell gen-

otoxicity assays, regardless of whether they query mutagenic-

ity or other types of chromosomal damage (Kirkland et al.

2005, 2007, 2014).

Based on relative measures of assay reliability, such as the

relative success-to-failure ratio, or relative predictivity (cor-

rect-to-incorrect prediction rates of either genotoxic or non-

genotoxic substances), the Ames assay is reported to have

the highest positive predictivity, and the mouse lymphoma

assay (MLA) the highest negative predictivity. Recent

analysis suggests that combinations of assays can provide

the highest sensitivity in predicting for carcinogenicity

(Bhagat 2018).

The FEMA Expert Panel regards the results of in vivo

assays for genotoxicity testing, if/when available, as either

further confirmation of in vitro findings or a more conclusive

means to resolve equivocal findings in vitro. Within the lim-

ited current database of in vivo results, the in vivo MN is

reported to have a high false negative rate (Morita et al.

2016), and typically a second in vivo assay, e.g., comet assay

or transgenic rodent mutagenicity assay is also used. The

comet assay shows higher sensitivity (89%) and specificity

(78%), relative to the transgenic rodent mutagenicity assay

(50% sensitivity and 69% specificity) in detecting genotoxic

substances that were missed in the in vivo MN assay

(Kirkland and Speit 2008). This may be expected as the comet

assay identifies substances that induce both chromosomal

aberrations and mutations, while the transgenic rodent muta-

genicity assay is specifically designed to be highly sensitive

for the detection of mutations only.

False positive results in vitro have been attributed primar-

ily to the use of cells without a functional p53 gene or other

DNA repair mechanism (e.g. TK6 cells lack repair mechanisms

for double-strand breaks), and improper measures of cytotox-

icity, among other factors (Kirkland and Speit 2008; Kirkland

et al. 2016). Conversely, false negative results in in vitro geno-

toxicity assays have been associated with the commonly

used exogenous metabolic activation system (S9, discussed

below) (Kirkland et al. 2007). The sensitivity and specificity of

an assay also depend on whether it measures DNA damage

directly or indirectly by measuring a surrogate of DNA dam-

age, such as compensatory (unscheduled) DNA synthesis

(UDS) an indicator of DNA repair. Indirect measures of geno-

toxicity are less sensitive [e.g. the in vivo liver UDS assay has

a sensitivity of <20% (Kirkland and Speit 2008)] and may dis-

play higher variability that compromises statistical power.

The FEMA Expert Panel includes the above considerations in

the interpretation of results from in vitro and in vivo genotox-

icity assays.

4.3. Human relevance

In addition to the above considerations of assay-specific arti-

facts to assess biological relevance of the results and because

the FEMA Expert Panel evaluates flavoring substances specif-

ically for human safety, genotoxicity assay data are assessed

for their human relevance. This entails primarily two key ele-

ments: (a) whether the metabolic activation system was

appropriate for the flavoring substance, and (b) whether the

mode of action applies to humans. The FEMA Expert Panel

applies these considerations to both in vitro and in vivo gen-

otoxicity assay data in evaluating human relevance as

detailed in the sections below.

4.3.1. Metabolic activation

The FEMA Expert Panel recognizes the role of metabolism as

a critical contributing factor to toxicity outcomes including

genotoxicity. The types of metabolic pathways encountered

in the safety evaluation of flavoring substances have recently

been reviewed by the FEMA Expert Panel (Smith et al. 2018).

Mammalian enzyme systems generally eliminate or reduce

the levels of a wide variety of exogenous chemicals (xenobi-

otics) and facilitate their elimination from the organism.

However, metabolic activation and detoxication processes

determine the net balance of reactive intermediates to

inactive metabolites and therefore, subsequent manifesta-

tions of toxicity. Metabolism is an essential factor in the inter-

pretation of genotoxicity assay results, particularly when

generated in vitro. Mammalian metabolic activation systems
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are necessary for bacterial in vitro genotoxicity models.

However, mammalian cell lines also lack or have limited abil-

ity to metabolize chemicals without an exogenous metabolic

activation system (Kirkland et al. 2007; Pfuhler et al. 2011).

Liver homogenate post-mitochondrial fraction (S9), available

from different species, is the most commonly used exogen-

ous metabolic activation system for simulating the metabol-

ism of compounds in humans and other animals because it

contains major metabolic enzymes (Jia and Liu 2007;

Richardson et al. 2016). Typically, S9 is prepared from the liv-

ers of rats that have been treated with chemicals known to

induce hepatic drug metabolism [typically Aroclor-1254

(a mixture of polychlorinated biphenyls), or a combination of

phenobarbital and b-naphthoflavone]. Liver homogenates

from other species (e.g. hamster or guinea pig) can be used

to investigate effects of alternate metabolic pathways when

the dominant pathway differs among species. Understanding

the metabolic pathways in humans is necessary to interpret

data that depend on particular biotransformation pathways,

and human S9 fractions are available for this purpose (Cox

et al. 2016).

The relevance of the source of the exogenous metabolic

system and the range of metabolites generated are criteria

used in the interpretation of in vitro genotoxicity assay

results. The representation of metabolic enzymes in the

exogenous mix may differ quantitatively and qualitatively

between the source species, as well as from the in vivo con-

text depending on the choice of the chemical used to induce

metabolic enzymes. Furthermore, even when a key enzyme is

present, it may not be active in the S9 mix if the required

co-factors are absent. Treatment of rats with Aroclor-1254

preferentially induces oxidative liver enzymes, particularly

cytochrome P450 families 1-3 (Dubois et al. 1996) and favors

oxidative activation. However, the conjugating activity of

such S9 mix is limited, especially in the absence of added

cofactors (Glatt et al. 2012; Honda et al. 2016), and thus this

model does not totally represent the mammalian biotrans-

formation capabilities. Furthermore, the cytochrome P450

(P450) enzymes induced in rat liver are not fully representa-

tive of the P450 activity profile of human liver (Dubois et al.

1996). Among the key human enzymes poorly represented in

rat liver S9 are sulfotransferase (SULT), N-acetyl transferase

(NAT), and some extrahepatic P450 enzymes such as CYP1B1

(Jin et al. 2018). Therefore, the metabolite profile can be sub-

stantially different in genotoxicity models compared to the

human metabolite profile and may lead to either false posi-

tive or false negative results depending on whether the bio-

transformation is skewed toward the generation of reactive

intermediates or detoxication products of the primary com-

pounds (Glatt et al. 2012; Honda et al. 2016).

The absence of conjugation enzymes may be associated

with false positive or false negative results in vitro, since con-

jugation reactions that generally facilitate detoxication and

urinary elimination of xenobiotics may also convert several

compounds to reactive products. Many pro-mutagens are

activated to mutagens in vivo by the SULT enzyme family

(Glatt 2000; Glatt and Meinl 2005). Given that conjugation

pathways are generally underrepresented in exogenously

added metabolic systems, in vitro systems yield false negative

results compared to in vivo assays for substances that are

activated following SULT conjugation.

Importantly, the in vivo glutathione (GSH) transferase con-

jugation pathway is typically limited if not lacking in in vitro

assays unless the metabolic activation systems are explicitly

modified to include added GSH. This is particularly relevant

in the interpretation of data for flavoring substances depend-

ent on the GSH conjugation pathway for detoxication and

elimination, as recognized for high concentrations of

a,b-unsaturated aldehydes, where depletion of GSH levels

promotes oxidative responses such as the release of nucleo-

cytolytic enzymes that induce DNA fragmentation, cellular

damage, and apoptosis (Eisenbrand et al. 1995; Kiwamoto

et al. 2012).

Additionally, the efficacy of an exogenously added meta-

bolic system is compromised because it functions extracellu-

larly and metabolites may not be membrane permeable. This

limitation of exogenous biotransformation systems leads to

false negative results if the reactive metabolite cannot reach

the intracellular target.

Mitigation strategies for the above limitations of metabolic

activation options are adopted to fit the particular metabolic

context. The use of HepaRG cells mitigates the limitation of

extracellular enzyme systems to some extent because they

express intracellularly metabolic pathways similar to those

operating in human hepatocytes, albeit with quantitative dif-

ferences (Ramaiahgari et al. 2017). Alternatively, genetic

engineering of in vitro systems to express key human recom-

binant enzymes, including P450s, alone or in combination

with conjugation enzymes SULT or NAT2, has been success-

fully applied to circumvent the limitations of insufficient

metabolic representation of human enzymes in vitro (Crespi

et al. 1991; Glatt and Meinl 2005; Glatt et al. 2012; Glatt et al.

2016). These cell systems allow for selection of the most

appropriate metabolic transformation option based on prior

knowledge, if available, on the metabolic fate of the sub-

stance in mammalian organisms and particularly humans.

HepaRG cells offer a more complete representation of the

complexity of human metabolic enzymes compared to the

engineered cell lines available to date, that generally co-

express one to two enzymes and not an extensive range of

enzymes to sufficiently represent the complexity in vivo. In

addition, the genetic engineering approach is conditional

upon availability of data on the metabolic fate of a substance

in humans.

The FEMA Expert Panel scrutinizes the details of the meta-

bolic activation system in the context of the above considera-

tions when interpreting positive results of in vitro

genotoxicity assays that were obtained only in the presence

of metabolic activation but not in its absence. As this is indi-

cative of metabolic activation processes, additional data or

testing may be sought to understand the relevance of the

active metabolites to humans.

4.3.2. Mode of action

When results obtained in in vivo genotoxicity assays are posi-

tive or equivocal, further investigation into the mode of

action is warranted. Genotoxic modes of action are typically
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considered to be either direct interactions between the test

chemical and DNA, or DNA damage that occurs indirectly (i.e.

resulting from the perturbation of other cell mechanisms by

the test chemical). Typically, indirect modes of action for gen-

otoxicity, such as the generation of oxidative species, are

assessed using a non-linear or threshold-based dose-response

model (Pratt and Barron 2003; EPA 2004; Tritscher 2004; EPA

2005; Foth et al. 2005; EU 2009; Barlow and Schlatter 2010;

EFSA 2011). Indirect modes of action are, therefore, evaluated

within the framework of a human risk assessment process

that includes identification of a point of departure (POD),

consideration of exposure, and determination of a margin of

safety (MOS). Indirect modes of action in genotoxicity assays

usually present no concern for consumer safety due to the

low levels of exposures typically seen with flavoring substan-

ces, which often provide a sufficient MOS. On the contrary,

when evidence is consistent with a direct genotoxic mode of

action that is considered to be both biologically relevant and

of potential human impact, the Panel requires additional

information such that the genotoxicity hazard can be appro-

priately addressed within a comprehensive risk assessment.

Examples of this are shown in Section 5.1 and 5.2 below.

Data from both in vitro and in vivo assays can be useful in

demonstrating a direct mode of action of genotoxicity for

the flavoring substances or their (relevant) metabolites. For

example, even though the Ames assay is based on a bacterial

test system, Ames assay data are considered relevant to

human safety assessment because this test can assess a dir-

ect mode of action resulting from an interaction between a

substance (or a metabolite) and DNA. Confidence in the sup-

port that data from Ames and other genotoxicity assays pro-

vide for a direct mode of action is conditional upon sufficient

scrutiny of possible sources of artifacts resulting in false posi-

tive results (see Biological relevance section) and of evidence

indicating an indirect mode of action. Most in vitro genotox-

icity assays are designed to identify direct DNA damage, with

the exception of the UDS, which indicates DNA repair. The

micronucleus assay is informative with regards to the mode

of action when it includes centromere or kinetochore staining

to distinguish between direct DNA interaction (clastogenicity)

and spindle-mediated chromosomal separation (aneugenicity)

(OECD 2016b). Therefore, a substance is unlikely to have a

direct genotoxic effect if in vitro genotoxicity assay results

are negative.

The demonstration of whether genotoxicity modes of

action are indirect, e.g. mediated by reactive oxygen species,

either in vitro or in vivo, requires collection of additional evi-

dence and careful consideration of their source. The FEMA

Expert Panel considers that oxidative species may be gener-

ated in the test system from two sources: artifacts of the test

system or cell/tissue injury. The generation of DNA-reactive

agents as artifacts in the test system, such as hydrogen per-

oxide from phenolic substances under aerobic conditions in

the presence of trace metals, can be mitigated by addition of

catalase (eliminating hydrogen peroxide) or antioxidant sup-

plementation (Kirkland et al. 2007; Kurutas 2015). Oxidative

species that are generated as a result of cell or tissue injury

occur only at cytotoxic concentrations and therefore the dis-

played genotoxic effects are not directly due to the test

substance but occur secondary to toxicity. DNA damage from

these sources is evaluated within a human risk assessment

framework that considers cytotoxicity (in vitro) or clinical tox-

icity (in vivo), as well as the responses observed at concentra-

tions and/or doses giving lower levels of toxicity.

4.3.2.1. DNA adducts. DNA adduct studies have been con-

ducted for only a small number of flavoring substances and

potential metabolites, including formaldehyde, acetaldehyde,

the a,b-unsaturated aldehydes acrolein, crotonaldehyde, and

related compounds (Wang et al. 2000; Hecht et al. 2001;

Hecht et al. 2011; Yang et al. 2019), 2-hexenal and trans,

trans-2,4-hexadienal (Frankel et al. 1987; Eder et al. 1993;

Eisenbrand et al. 1995; NTP 2003); estragole (Ishii et al. 2011;

Paini et al. 2012; Ding et al. 2015), and methyl eugenol

(Phillips et al. 1984; Herrmann et al. 2013; Williams et al.

2013; Herrmann et al. 2014; Monien et al. 2015; Tremmel

et al. 2017). Most flavoring substances have chemical struc-

tures that make them unlikely candidates for DNA adduct

formation (e.g. they are not inherently reactive electrophiles

or form electrophilic metabolites).

DNA adduct formation is one direct mode of action for

substances with genotoxic potential. DNA adducts are some-

times interpreted as biomarkers of biological effect but can

be considered as biomarkers of exposure to a substance not

necessarily resulting in biological consequences. The reasons

for different interpretations result from a complex set of con-

siderations involving the adduct structure, measured levels,

repair capacity, endogenous formation, and other factors (De

Bont and van Larebeke 2004; Paini et al. 2011; Swenberg

et al. 2011; Basu 2018). When presented with data on DNA

adducts, the FEMA Expert Panel has concluded that several

factors derived from a large body of literature must be con-

sidered. These factors include (a) the structure of DNA

adducts detected, (b) the repair/persistence of DNA adducts,

(c) levels of adducts detected relative to those occurring

endogenously or as the result of non-flavor related back-

ground exposure, (d) the methods for detecting and measur-

ing adducts, (e) the dose–response relationship for adduct

formation, (f) the metabolic profile of the flavoring substance,

(g) evidence to determine a direct or indirect mode of action,

(h) consistency with data from in vivo mutagenicity assay, if

available, and (i) other target tissue pathology. The FEMA

Expert Panel considers these factors in the context of evolv-

ing science on the association of DNA adducts with mutage-

nicity as discussed in detail below.

4.3.2.1.1. DNA adducts, genotoxicity, and carcinogenicity.

While DNA adduct formation can be a critical component of

mutagenesis and carcinogenesis due to the miscoding prop-

erties of some DNA adducts, the role of any particular DNA

adduct in these processes is highly dependent on multiple

factors. These include the extent of adduct formation under

physiological conditions, the structure and stability of the

adduct formed, the shape of the dose-response curve for

adduct formation, persistence of the DNA adduct, DNA

adduct repair mechanisms, DNA polymerases involved in

error prone bypass and resulting mutagenesis, the location of

the adduct in the genome, and other factors (Peterson 2017;
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Barnes et al. 2018; Fukushima et al. 2018; McCullough and

Lloyd 2019; Pottenger et al. 2019). Thus, it is difficult to gen-

eralize the potential mutagenic and carcinogenic effects of

DNA adduct formation besides their utility as exposure bio-

markers, but rather it is necessary to consider a particular

DNA adduct in the context of the biological systems under

investigation. Context may determine whether the formation

of DNA adducts is a good predictor of mutagenicity and of

the potential for direct biological consequences, e.g. carcino-

genicity (Hecht et al. 2011; Paini et al. 2011; Swenberg et al.

2011). Common environmental and lifestyle exposures lead

to DNA adduct formation and have been associated with

mutations but not necessarily with carcinogenesis (Wang

et al. 2000; Hecht 2003; Wang et al. 2006; Zhang et al. 2006;

Lao et al. 2007; Balbo et al. 2008; Wang et al. 2009; Balbo

et al. 2012). Other reports indicate that DNA adducts do not

always lead to permanent mutations but are subject to repair

at rates and efficiencies dependent on the adduct levels and

structure (Povey 2000; De Bont and van Larebeke 2004;

Gocke and Muller 2009; Swenberg et al. 2011; Broustas and

Lieberman 2014; Kobets and Williams 2016; Geacintov and

Broyde 2017). As one example, the major acetaldehyde DNA

adduct (N2-ethylidene-dG) from consumption of a single alco-

holic beverage increases rapidly but transiently in the oral

cavity and blood (Balbo et al. 2008; Hecht et al. 2011; Balbo

et al. 2012). A dose–response relationship has been shown

between alcohol consumption and DNA adduct formation,

although the relationship of adduct presence to genotoxic or

carcinogenic effects has not been characterized in detail.

4.3.2.1.2. Endogenous DNA adducts. DNA adducts can be

detected at extremely low levels, e.g. the reported limit of

detection (LOD) is as low as 1 adduct per 1011 nucleotides

and the limit of quantitation (LOQ) is as low as 5 adducts per

1011 nucleotides by LC/MS (Zhang et al. 2006; Monien et al.

2015; Villalta et al. 2017; Yang et al. 2019) and is even lower

by accelerator MS (Hummel et al. 2018; Madeen et al. 2019).

Therefore, it is critical to evaluate whether the level of DNA

adducts detected is biologically significant. In some cases,

interpretation of DNA adduct data requires comparison

against reported background adduct levels arising from non-

flavor related exposures, which can vary widely depending

on the structures of adducts (Povey 2000; De Bont and van

Larebeke 2004; Swenberg et al. 2011). One source of these

background DNA adducts are DNA interactions with electro-

philic molecules and reactive oxygen species that are pro-

duced endogenously from normal physiological energy

metabolism and oxidative processes, e.g. inflammation, mito-

chondrial respiration, lipid peroxidation, estrogen oxidation,

endogenous alkylating agents, e.g. S-adenosylmethionine, N-

nitroso compounds, and others (Tornqvist et al. 1989; Bartsch

et al. 1992; De Bont and van Larebeke 2004; Yager and

Davidson 2006). In other cases, adducts are derived from the

natural occurrence of some chemicals in foods and the envir-

onment (e.g. methyl eugenol in basil) (De Bont and van

Larebeke 2004; Herrmann et al. 2013; Tremmel et al. 2017).

The FEMA Expert Panel considers the background level of

DNA damage to be a crucial element in the interpretation of

data for either direct or indirect-acting genotoxic substances,

with particular consideration of the background frequency of

the same type of adducts in the same target tissue (Povey

2000; Swenberg et al. 2011).

4.3.2.2. Methyl eugenol and FEMA expert panel decision

to remove it from the FEMA GRAS list. Methyl eugenol, a

naturally occurring allylalkoxybenzene substance found in

sweet basil and other herbs (Miele et al. 2001) forms DNA

adducts (Phillips et al. 1984; Randerath et al. 1984; Williams

et al. 2013; Alhusainy et al. 2014; Tremmel et al. 2017) as well

as protein adducts (Gardner et al. 1996) in rodents. An

older 32P-postlabelling study suggested dose related

increases in the levels of DNA adducts in the liver and at the

top dose only in the glandular stomach of rats administered

methyl eugenol for 28 days (Ellis et al. 2007). Similarly, in a

later study designed to investigate its tumor-initiating poten-

tial, gavage administration of methyl eugenol to rats

three times a week for 8weeks or 16weeks resulted in dose-

dependent increases in liver DNA adducts as measured

by 32P-postlabelling (Williams et al. 2013). Adduct levels

were reduced (by 70–80%) during a 24-week post-treatment

recovery period with or without the promoter

phenobarbital (Williams et al. 2013). In the same study, DNA

adducts correlated with a dose-dependent increase in hep-

atocyte proliferation (based on PCNA staining) at all dose lev-

els. Hepatic preneoplastic lesions (based on GST-P

immunohistochemistry staining) and hepatocellular adeno-

mas increased significantly in the middle and high dose

groups during the 24-week post-treatment period (Williams

et al. 2013).

The FEMA Expert Panel examined all available data and

assessed the genotoxic potential of methyl eugenol. The

metabolism of methyl eugenol plays a critical role in its

mode of action and the interpretation of the findings.

Earlier studies described a dose-dependent metabolic shift

for allylalkoxybenzenes (Zangouras et al. 1981; Caldwell 1987;

Smith et al. 2010). The predominant pathway at doses

>10mg/kg bw/day was supposed to lead to a reactive prod-

uct, and at doses <10mg/kg bw/day the primary

pathway was presumed to effectively facilitate excretion with

only limited formation of reactive intermediates (Smith et al.

2002; Punt et al. 2009). However, more recent evidence

points to sulfation with human and murine SULTs of hydroxy-

lated methyl eugenol metabolites as key to their metabolic

activation, and resulting DNA adducts and mutagenicity in

the Ames assay (Herrmann et al. 2012, 2014). Because

DNA adducts have been detected at dose levels as low as

5mg/kg bw/day in the liver (Ellis et al. 2007), the hepatic

bioactivation of methyl eugenol at lower doses could not be

definitively excluded and could be considered indicative of a

direct genotoxicity risk upon metabolic activation. However,

others (Williams et al. 2013) have proposed that only cumula-

tive DNA damage that exceeds repair capacity leads to pre-

neoplastic and neoplastic lesions, based on the

observations that a cumulative (long-term) intake of up to

3000mg/kg bw (spread over 16weeks) in rodents (�26mg/

kg bw daily average; up to 62mg/kg bw three times a week,

intermittent intake) resulted in measurable DNA adducts
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but did not result in neoplasia even in the presence of a pro-

moter (i.e. 500ppm phenobarbital in the diet). Methyl

eugenol-induced DNA adducts (up to 37 per 108 nucleosides

or 4700 adducts per diploid genome) were detected in liver of

29 of 30 subjects (median of 13 per 108 nucleosides or 1700

adducts per diploid genome) (Herrmann et al. 2013).

Considering that methyl eugenol occurs naturally in common

herbs such as basil and fennel, this background of DNA

adducts in humans may be related to chronic dietary expos-

ure. The FEMA Expert Panel considered the overall evidence in

its reevaluation of methyl eugenol in early 2015 and con-

cluded that DNA adduct formation in humans was directly

related to the formation of bioactivated metabolites. In

humans, methyl eugenol undergoes bioactivation via 1’-

hydroxylation and subsequent sulfation, forming reactive

metabolites (Al-Subeihi et al. 2012; Herrmann et al. 2012;

Herrmann et al. 2014) (Figure 2).

Given that the human SULTs are more effective than the

murine counterparts but formation of the 1’-

hydroxy intermediate is less efficient in humans than rodents

(Al-Subeihi et al. 2012), updated information related to the

dose-dependent metabolic fate and relative bioactivation and

detoxication rates of methyl eugenol in humans and the

potential for DNA repair is needed to better understand the

importance of the relative increase of DNA adducts from its

use as a flavoring substance and to support continuation of

its GRAS status. Until such information becomes available the

FEMA Expert Panel concluded that methyl eugenol no longer

met the criteria for GRAS status.

5. The weight of evidence and human relevance of
genotoxicity testing findings

The interpretation of genotoxicity data by the FEMA Expert

Panel, JECFA and EFSA is similar when considering the

emphasis that is placed on identification of a genotoxic haz-

ard and the adoption of a weight-of-evidence approach.

Similar to the FEMA Expert Panel’s approach, EFSA’s weight-

of-evidence approach integrates the evidence for all end-

points, assesses data quality and availability on genotoxicity

itself and any other relevant data within the overall hazard

assessment. Furthermore, EFSA emphasizes consideration of

sources of uncertainty and their impact on the assessment

outcome. This approach is particularly important in cases

where, based on the standard battery of in vitro and in vivo

genotoxicity assays, it is not possible to conclude on the

absence of genotoxicity with confidence (i.e. standard or pre-

ferred battery of tests is not available or results are inconsist-

ent) (Hardy et al. 2017). The FEMA Expert Panel and EFSA

consider all data that may reduce uncertainty, such as mode

of action, results of carcinogenicity studies, reproductive tox-

icity (indicative of germ cell DNA damage), toxicokinetic
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studies, read-across from structurally related substances and

predictions from QSAR models, and reliable data from non-

standard tests/endpoints (e.g. DNA adducts). When evidence

for genotoxicity of a flavoring substance is inconclusive, the

FEMA Expert Panel does not proceed to finalize a safety

evaluation (places its evaluation on hold), pending additional

data submission. Similarly, EFSA requests additional data to

reduce the uncertainty before concluding on genotoxicity.

The FEMA Expert Panel concludes that evidence of in vivo

genotoxic hazard should be reviewed in the context of all

relevant information, including carcinogenicity and develop-

mental data if available. Negative carcinogenicity bioassay

results can be used to interpret the human relevance of posi-

tive in vivo genotoxicity findings as discussed below. Other

data can also be used to come to an overall conclusion

regarding the in vivo genotoxic potential, as illustrated

(vide infra).

5.1. Sufficient evidence of genotoxicity

In the reevaluation of 12 related thiophenes, the results of

genotoxicity tests were interpreted within the context of spe-

cific structural features relevant to the reactivity of metabolic

intermediates of these substances (Cohen et al. 2017a). In

OECD guideline-compliant genotoxicity studies, 3-acetyl-2,5-

dimethylthiophene was positive in Ames assays in the pres-

ence of metabolic activation, and an in vivo transgenic

rodent mutation assay (MutaTMMouse) showed a dose-

dependent increase in the mutant frequency of the lacZ

transgene in the liver, which was statistically significant in

the middle and high dose groups and exceeded both concur-

rent and historical control means. No mutagenicity was seen

in the duodenum and no increases in micronucleated cells of

the bone marrow. These results indicated that mutagenicity

was limited to test conditions in the presence of metabolic

activation and were consistent with the formation of

genotoxic biotransformation products. Therefore, consider-

ation of the metabolic fate of this flavoring substance was

directly relevant to the interpretation of these results.

Substituted thiophenes are subject to biotransformation by

oxidative reactions, including S-oxidation and/or ring epoxi-

dation/hydroxylation.

Detailed data on the metabolic fate of substituted thio-

phenes demonstrate that the path of oxidative transform-

ation depends significantly on structural features such as (a)

the presence and number of substitution groups, (b) the type

of substitution groups, e.g. alkyl or acyl side chains, and (c)

the location of substitution groups on the ring. Relative to

the other thiophenes, 3-acetyl-2,5-dimethylthiophene con-

tains unique features and, unlike the other members of the

group, could not be expected to be metabolized to non-

reactive intermediates and/or efficiently conjugated and read-

ily excreted. Instead, it was the only member of the group

that was predicted to produce reactive metabolic intermedi-

ates. For 3-acylthiophenes such as 3-acetyl-2,5-dimethylthio-

phene, S-oxidation (Figure 3, Panel B) is favored 5-fold over

ring oxidation (Figure 3, Panel A). For 3-acetyl-2,5-dimethyl-

thiophene, the methyl substituents in positions 2 and 5,

together with the position of the acyl group (3- versus 2-)

result in a more reactive intermediate (S-oxide intermediates

are thought to be more reactive compared to ring epoxide

intermediates). Furthermore, the two additional substitution

groups at positions 2- and 5- (where GSH conjugation typic-

ally occurs) prevent migration of the oxygen atom (Figure 3,

Panel B, to product 5), dimer formation (Figure 3, product 6),

and GSH conjugation (Figure 3, product 7) that would detox-

ify the reactive sulfoxide intermediate. The weight of evi-

dence, in this case, led the FEMA Expert Panel to the

conclusion that 3-acetyl-2,5-dimethylthiophene is a direct act-

ing genotoxic substance and in the absence of additional

information its GRAS status should be revoked (Cohen

et al. 2017a).

5.2. Insufficient evidence of genotoxicity

The pitfalls often encountered in interpretation of in vivo

genotoxicity testing results are illustrated in the case of

perillaldehyde (p-mentha-1,8-dien-7-al), a naturally occurring

cyclic a,b-unsaturated aldehyde.6 Due to its structure and

mixed results in older, mostly non-guideline compliant geno-

toxicity studies, an in vivo comet/micronucleus combination

assay was performed in rats at the request of a regulatory

agency (EFSA). Rats were treated by oral gavage at dose lev-

els of 175, 350, and 700mg/kg bw/day. The pattern of DNA

damage was described as a statistically significant increase in

mean tail intensity only at the high dose (compared to con-

current control) and a statistically significant linear trend. This

encompassed a small increase of mean tail intensity at the

highest dose relative to the concurrent control. Mean tail

intensity in the low and middle dose groups were similar to

the average of the historical control range and none of the

data including the high dose level exceeded the historical

control range. The increased mean tail intensity was found

driven by two animals in the high dose group. A direct cor-

relation with biochemical and histopathological evidence of

liver hepatocellular toxicity was observed. The study directors

interpreted this pattern as consistent with a mode of action

of DNA damage secondary to cytotoxicity. The results were

interpreted differently by EFSA. Upon independent review,

the FEMA Expert Panel concurred with the study directors

that the results had no biological relevance if interpreted by

the full criteria in the relevant Guideline (Cohen et al. 2016;

Hobbs et al. 2016). The divergence of opinion by EFSA was

based on the interpretation of a statistically significant

increase as a sufficient criterion alone. Statistical analysis is

instrumental in distinguishing random natural variation from

changes large enough in magnitude to be considered non-

random but attributable to the presence of the test sub-

stance. In recognition of this, the OECD Guidelines prescribe

appropriate statistical tests and list specific criteria for con-

sistent interpretation. According to OECD TG 489 guidelines,

a positive result in the comet assay requires all acceptability

criteria to be met. If these are not met, paragraph 62 offers

some guidance (OECD 2016c). The final determination by

EFSA that perillaldehyde is genotoxic was based on two of

the three criteria for a positive test, namely the statistically
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significant difference between one treatment group from its

concurrent control group, and statistical evidence of dose-

response. The third criterion for a positive comet assay, that

an increase in %Tail DNA must be outside of the historical

control range, was not met and therefore expert judgment is

essential. Expert judgment cannot dismiss the impact of tox-

icity at the high dose on the outcome of the comet assay

and the absence of biological relevance. This is explicit in the

Guideline which also proposes that in cases of confounded

results “clinical chemistry measures can provide useful informa-

tion on tissue damage and additional indicators such as cas-

pase activation, TUNEL stain, Annexin V stain, etc. may also be

considered” (para 55, OECD TG 489) (OECD 2016c). In the per-

illaldehyde study, the two animals with significant increases

in tail intensity were also those with the most substantial evi-

dence of hepatotoxicity, based on histopathology and ele-

vated liver enzyme levels in the serum. In the weight of

evidence, the other genotoxicity assays (reverse bacterial

mutation assay, in vitro micronucleus, in vitro hprt mutation,

in vivo micronucleus) did not corroborate genotoxicity for

perillaldehyde (Hobbs et al. 2016). The FEMA Expert Panel

concluded that the findings of the comet assay were driven

by the hepatotoxicity and thus not biologically relevant, and

stated that disregard of the laboratory historical controls and

interpretation of the data outside the OECD guidelines was

neither appropriate nor justified (Cohen et al. 2016).

Meanwhile, the recent JECFA evaluation concluded that the

genotoxicity data for p-mentha-1,8-dien-7-al raise concerns

for potential genotoxicity and, thus, it was not further consid-

ered by the Procedure for Safety Evaluation of Flavoring

Agents (JECFA 2019).

Another recent example of the necessity of using the

OECD guideline within the interpretation of the outcome of

genotoxicity studies is furan-2(5H)-one.7 Due to the presence

of the a, b-unsaturated carbonyl moiety within the structure,

a battery of in vitro genotoxicity assays was requested for

furan-2(5H)-one by EFSA (EFSA 2013b). In a standard OECD

TG 471-compliant Ames assay the substance gave no
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indication of mutagenic potential in S. typhimurium strains

TA98, TA100, TA1535, TA1537, and TA102 (Bowen, 2011).

Three independent OECD TG 487-compliant in vitro micronu-

cleus assays were performed. In two separate micronucleus

studies conducted in human peripheral blood lymphocytes,

treatment of cells for a 3 h exposure period in the presence

of S-9 metabolic activation followed by a 21-h recovery

period resulted in statistically significant increases in the fre-

quency of micronucleated binuclear cells. In the same stud-

ies, treatment of cells with furan-2(5H)-one for 3 h with a 21-

h recovery period in the absence of S-9, and for 24 h with no

recovery period in the absence of S-9, resulted in no

increases in the frequency of micronucleated binuclear cells

at concentrations at or below the OECD guideline-recom-

mended cytotoxicity levels (55 ± 5%). The Panel concluded

that treatment of cells with furan-2(5H)-one did result in

increases in micronuclei when assayed in cultured human

peripheral lymphocytes for 3þ 21 h in the presence of S-9

(Whitwell 2012; Watters 2013). In a third in vitro micronucleus

assay conducted in TK6 cells, no increases in micronucleus

frequencies were encountered at any concentration in any of

the treatment arms of the study (4 h exposure in the pres-

ence of S-9 with a 20 h recovery period, 4 h exposure in the

absence of S-9 with a 20 h recovery period, and 24 h expos-

ure in the absence of S-9 without a recovery period) (Dutta

2018). There is not a clear explanation as to why there were

differing outcomes within these studies. The Panel notes that

in vitro micronucleus studies using TK6 cells are generally

considered to be appropriately sensitive, if not more sensi-

tive, than those conducted in human peripheral blood lym-

phocytes (Fowler et al. 2012a; Pfuhler et al. 2011; Fowler

2014; Whitewell et al. 2015; OECD 2016b).

The results from these three in vitro micronucleus studies

are clearly inconsistent. In its review the Panel has noted that

the two in vitro micronucleus studies conducted in human

peripheral blood lymphocytes displayed exceedingly steep

cytotoxicity curves and shifts from trial to trial in the cytotox-

icity measured at the same or very similar concentrations.

The cytotoxicity curves for the in vitro micronucleus assay in

TK6 cells were less steep and it was correspondingly easier, it

appears, to choose concentrations for scoring of micronuclei.

There is not a clear explanation as to why there were differ-

ing outcomes within these studies.

To probe whether the in vitro effects could also be identi-

fied in an in vivo system, a comet/micronucleus combination

assay was conducted in Han Wistar rats at 62.5, 125, and

250mg/kg bw/day (with the doses set based on the results

from a preliminary dose-range finder assay). There were no

changes in clinical chemistry parameters. Decreases in glyco-

gen vacuolation in the liver were reported in animals in the

top dose group, while in the duodenum of the top dose

group villous tip necrosis was observed. There were no

increases in micronuclei induction, or increases in % tail DNA

or % tail moment in the duodenum, observed at any tested

doses. At the top dose of 250mg/kg bw/day, small, less than

two-fold increases in % tail DNA and tail moment were

observed in the liver. The Panel notes that the increase in %

tail DNA and tail moment at the top dose were within both

the historical control range and the 95% reference range of

the historical controls. Additionally, overlap between tail DNA

values were reported for concurrent vehicle control animals

and those in the top dose group.

By applying the criteria to assess comet assay results as is

described in OECD TG 489, the Panel concluded that the cri-

teria for a clear positive outcome were not met, and when

considered in combination with the negative bacterial

reverse mutation outcome, the negative in vivo micronucleus

results, and the inconsistent results in the in vitro micronu-

cleus studies, concluded that based upon weight of evidence

that furan-2(5H)-one did not display genotoxic potential. This

conclusion is different than that reached by EFSA (EFSA

2019). In their opinion, EFSA did not apply one of the three

criteria as outlined in OECD TG 489, stating that, “The Panel

considered that the third criterion (‘any of the results are out-

side the distribution of the historical negative control data for a

given species, vehicle, route, tissue, and number of administra-

tions’) mentioned in the OECD TG 489 was not applicable in

this case because of the very wide range for historical nega-

tive controls reported (95% reference range for the vehicle

control ranging from 0.02 to 11.39; 95% reference range for

the positive control ranging from 7.15 to 65.07).”

5.3. Consideration of carcinogenicity studies

A well-conducted rodent carcinogenicity bioassay (or an

equivalent modern alternative assay, e.g. a shorter duration

study in transgenic animals) is sometimes proposed by some

investigators as an option to confirm whether the observed

genotoxicity has measurable biological consequences.

However, a bioassay is rarely conducted as a follow up to

investigate evidence of genotoxicity for flavoring substances.

Although lifetime carcinogenicity studies have been con-

ducted for several flavoring substances, most have been per-

formed by the NTP, following nominations unrelated to the

context of their use as flavors. Typically, the FEMA Expert

Panel considers the combined evidence of available genotox-

icity tests to be sufficient to determine whether a substance

presents a genotoxic hazard, particularly when results are

reproducible.

The FEMA Expert Panel reviews data of rodent carcinogen-

icity studies, when available, guided by criteria that deter-

mine relevance of the findings to humans and distinguish

genotoxic from non-genotoxic modes of carcinogenicity

(Hernandez et al. 2009). The FEMA Expert Panel recognizes

that in some instances the pathogenesis of the observed

tumors (and other endpoints) is not always relevant to

humans based on three extensively documented limitations

of the bioassay (Sonich-Mullin et al. 2001; Cohen 2004;

Holsapple et al. 2006; Doi et al. 2007; Proctor et al. 2007;

Boobis et al. 2016; Cohen and Arnold 2016):

a. Tumors are often observed at the highest dose, typically

the maximum tolerated dose (MTD) which may be associ-

ated with significant toxicity, qualitatively different

kinetics, including different metabolism and biological

activity, cell death with compensatory proliferation, con-

ditions where DNA replication errors may be propagated.
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b. Species-specific differences have been described for the

mode of action at the molecular level, such as the

expression of a2u-globulin in renal tubular epithelium in

male rats, or the hormone feedback loops in thyroid

function in rats (Doi et al. 2007; Hard 2018) explaining

why many substances that induced rodent tumors are

not carcinogens in humans (Boobis et al. 2016).

c. Laboratory rodent species have shown increased back-

ground incidences of spontaneous lesions over time

(Maronpot et al. 2016), such as liver tumors in mice or

kidney chronic progressive nephropathy in rats. Future

research on genetic or physiological differences between

rodents and humans may reveal additional rodent-spe-

cific responses.

The findings of carcinogenicity studies may be investi-

gated with follow up genotoxicity testing to determine

whether a substance is a genotoxicant or produces tumors

via a non-genotoxic mode of action. In addition, specific

in vitro mechanistic studies contribute significantly to inter-

pretation of human relevance of rodent lesions (e.g., provid-

ing evidence for irritation, oxidative stress, species-specific

pathophysiology). As an example, forestomach tumors

reported in rodents following gavage administration of trans,

trans-2,4-hexadienal (NTP 2003) were concluded to be the

result of a non-genotoxic mode of action (supported by the

absence of mutagenicity in the Big Blue assay and to have

resulted from tissue regeneration secondary to local irritation

(Adams et al. 2008).

New models of in vivo carcinogenicity promise to further

improve the validity of the outcomes for human safety, while

also generating parallel genotoxicity data. These new models

include: transgenic rodent models with increased sensitivity

and significantly shorter duration (Cohen et al. 2001) and

extended subchronic toxicity studies (e.g., 90-day studies)

(Cohen 2010). These are designed to produce data on specific

endpoints considered to be critical events in the pathogenesis

of neoplastic lesions, such as pre-neoplastic lesions, evidence

of increased cell proliferation, immunosuppression, interfer-

ence with hormonal homeostasis, gene expression profiles

associated with adverse outcome pathways, etc. (Cohen 2004;

Holsapple et al. 2006; Boobis et al. 2009; Cohen 2010, 2017).

Among transgenic mice models for carcinogenicity assessment

developed in the 1990s (Cohen et al. 2001; ILSI/HESI 2001;

Nambiar et al. 2012; Urano et al. 2012), the Tg.rasH2 trans-

genic mouse model carrying the human prototype virus c-Ha-

ras oncogene has the potential to reduce the length of in-life

testing to 6 months (Shah et al. 2012). This model is respon-

sive to genotoxic and non-genotoxic carcinogens and the ani-

mals have fewer and well-characterized spontaneous tumors,

while the clinically relevant tumors are similar to those of the

two-year bioassay (Paranjpe, et al. 2013; Paranjpe, et al. 2013).

This model has gained regulatory acceptance (Sistare et al.

2011; Morton et al. 2014) and is widely used for testing of

pharmaceuticals (Robinson and MacDonald 2001).

While the new models of carcinogenicity may be significant

improvements in predicting human carcinogenicity, data from

such models are not yet available for flavoring substances.

6. Conclusions

Many in vitro and in vivo mutagenicity and genotoxicity

assays are available and can also be applied for testing fla-

voring substances. The FEMA Expert Panel does not require a

standard battery for genotoxicity testing but will request rele-

vant data as necessary to evaluate the genotoxic potential of

a flavoring substance. When positive in vitro results are seen

that are possibly biologically relevant, the FEMA Expert Panel

generally considers the results from an in vivo micronucleus

or comet assay or an appropriate in vivo mutagenicity assay

to be helpful in addressing the question of genotoxic poten-

tial. Transgenic rodent mutation assays are highly sensitive in

detecting in vivo mutagens. Due to the costs of the trans-

genic rodent mutation assays and the number of animals

required, they are not routinely employed for flavoring sub-

stances. Instead, they have been used to confirm positive (or

equivocal) in vitro genotoxicity tests or to probe the mecha-

nisms of toxicity. Other assays are also included in the weight

of evidence when flavoring substances are evaluated.

The role of genotoxicity assays in safety assessment is

now well-established and can provide useful information on

whether test substances are genotoxic hazards. Data from

in vitro and in vivo genotoxicity assays are evaluated for

study quality, biological relevance, and the relevance of the

findings to humans. Biological relevance includes evaluation

of cytotoxicity, dose-response relationship, variability and

reproducibility of the assays, presence of functional DNA

repair, and assay performance in detecting genotoxic sub-

stances. Human relevance includes the relevance of the

metabolic system and the mode of action, including data

from DNA adduct studies, carcinogenicity bioassays, and

in vitro mechanistic tests.

The FEMA Expert Panel adopts a risk assessment approach

in the evaluation of flavoring substances. Specifically,

emphasis is placed on the weight of evidence of data from

all assays, biological and human relevance, and exposure

context to assess probable risk of genotoxicity to humans,

including the potential for efficient metabolic detoxication

and elimination, plausibility of genotoxic intermediate forma-

tion in vivo, and the context of background DNA lesions.

Therefore, the weight-of-evidence approach adopted by the

FEMA Expert Panel, as well as other regulatory and scientific

expert bodies, is not limited to hazard assessment but aims

for a realistic assessment of probable risk from consumer

intake of flavoring substances under the conditions of use.

In view of the long history of safe use of naturally-derived

and synthesized flavors in foodstuffs, it is important to note

that only a very small percentage (2%) of flavoring substan-

ces evaluated were positive for mutagenicity or genotoxicity.

Furthermore, substances are removed from the FEMA GRAS

list when the weight of evidence no longer supports the def-

inition of FEMA GRAS for these substances under the law

(Cohen et al. 2016, 2017a). In conclusion, the FEMA Expert

Panel uses genotoxicity data to aid their assessment of tox-

icity in a weight-of-evidence approach that leads to a realistic

determination of probable risk for the consumer from intake

of flavoring substances under the conditions of intended use.
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Notes

1. Chemical group refers to the systematic organization of flavoring

substances in groups according to specific structural features as

adopted by the European Union and JECFA. See Sections 2.3 and 3.1

for explanation and the rest of the document.

2. JECFA list of monographs is available here: https://www.who.int/

foodsafety/publications/monographs/en/

3. Commission Regulation No 1565/2000 of 18 July 2000 laying down

the measures necessary for the adoption of an evaluation pro-

gramme in application of Regulation (EC) No 2232/96. OJ L 180,

19.7.2000, p. 8–16. In addition to the chemical group designations,

QSAR modeling was used to subdivide further substances with struc-

tural alerts for genotoxicity. Reference: EFSA (2008a). Genotoxicity

test strategy for substances belonging to subgroups of FGE.19 [1] –

Statement of the panel on food contact materials, enzymes, flavour-

ings and processing aids (CEF). EFSA Journal. 854:1-5.

4. Deleted OECD guidelines on genetic toxicology include: Genetic

Toxicology: Escherichia coli, Reverse Assay (OECD TG 472); Sex-linked

recessive lethal test in Drosophila melanogaster (OECD TG 477); In

vitro sister chromatid exchange assay in mammalian cells (OECD TG

479); Saccharomyces cerevisiae, gene mutation assay (OECD TG 480);

Saccharomyces cerevisiae, mitotic recombination assay (OECD TG

481); Unscheduled DNA synthesis in mammalian cells in vitro (OECD

TG 482) and mouse spot test (OECD TG 484).

5. For example, the Pig-a assay is a promising mutation assay for which

there is both significant interest and completed work towards devel-

oping an OECD guideline: see https://www.oecd.org/chemicalsafety/

testing/TGP%20work%20plan_September%202018.pdf and http://

www.oecd.org/chemicalsafety/testing/pig-a-gene-mutation-assay-

detailed-review-paper.pdf.

6. Structure of perillaldehyde or p-mentha-1,8-dien-7-al:

O

7. Structure of furan-2(5H)-one:

OO
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