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A B S T R A C T   

In 2015, the Expert Panel of the Flavor and Extract Manufacturers Association (FEMA) initiated a re-evaluation of 
the safety of over 250 natural flavor complexes (NFCs) used as flavor ingredients, mostly consisting of a variety 
of essential oils and botanical extracts. This publication, seventh in the series, re-evaluates NFCs with constituent 
profiles dominated by phenolic derivatives including carvacrol, thymol and related compounds using a 
constituent-based procedure first published in 2005 and updated in 2018. The procedure is based on the 
chemical characterization of each NFC as intended for commerce and the estimated intake of the constituent 
congeneric groups. The procedure applies the threshold of toxicological concern (TTC) concept and evaluates 
relevant data on absorption, metabolism, genotoxic potential and toxicology of the constituent congeneric groups 
and the NFC under evaluation. Herein, the FEMA Expert Panel affirmed the generally recognized as safe (GRAS) 
status of seven phenolic derivative-based NFCs, Origanum Oil (Extractive) (FEMA 2828), Savory Summer Oil 
(FEMA 3013), Savory Summer Oleoresin (FEMA 3014), Savory Winter Oil (FEMA 3016), Savory Winter Oleo-
resin (FEMA 3017), Thyme Oil (FEMA 3064) and Thyme White Oil (FEMA 3065) under their conditions of 
intended use as flavor ingredients.   

1. Introduction 

Since 1960, the Expert Panel of the Flavor and Extract Manufacturers 
Association (FEMA) has operated as the primary independent evaluation 
body of flavoring ingredients for use in foods and beverages in the 
United States. Flavoring ingredients are evaluated to establish their 
“generally recognized as safe” (GRAS) status under the conditions of 
their intended use in a manner consistent with the 1958 Food Additive 
Amendment to the Federal Food Drug and Cosmetic Act (Hallagan and 
Hall, 1995, 2009; Hallagan et al., 2020). In the past six decades, the 

FEMA Expert Panel has evaluated over 2700 flavoring ingredients, for 
which it has assigned GRAS status for their intended uses. 

As part of FEMA’s GRAS program, the Expert Panel continues to re- 
evaluate and affirm the GRAS status of flavoring ingredients, which 
include chemically defined substances and natural flavor complexes 
(NFCs). Re-evaluations for chemically-defined flavoring ingredients 
began in the 1990’s and were expanded to include NFCs in 2015. The 
scientifically-based procedure used to conduct safety evaluations on 
NFCs was first published in Smith et al. (2005) and was updated in 2018 
(Cohen et al., 2018). As part of the evaluation procedure, NFCs are 
assessed based on a constituent-guided approach. The constituents that 
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comprise these NFCs are usually derived from well-studied biochemical 
pathways such as the isoprene, shikimate, lipoxygenase oxidation and 
photosynthetic pathways, and therefore can be organized into a defined 
number of well-established chemical groups, referred to as congeneric 
groups. Information compiled relating to the estimated intake, meta-
bolism and toxicology of these NFCs and their constituent congeneric 
groups are systematically reviewed in the safety evaluation procedure. 
The Expert Panel has applied this procedure to the safety evaluation of 
Citrus-derived NFCs (Cohen et al., 2019), Mentha, dill, buchu and 
caraway-derived NFCs (Cohen et al., 2020), Cassia, Cinnamomum and 
Myroxylon-derived NFCs (Rietjens et al., 2020), clove, cinnamon leaf 
and West Indian bay leave-derived NFCs (Gooderham et al., 2020a), 
lavender, guaiac, coriander-derived and related NFCs (Fukushima et al., 
2020) and Eucalyptus-derived and other eucalyptol containing NFCs 
(Eisenbrand et al., 2021). 

The FEMA Expert Panel issued a call for data in 2018 requesting 
compositional data information for the NFCs listed in Table 1, which 
include NFCs derived from the Thymus and Satureja genera currently 
used for flavoring foods and beverages. As part of the industry-wide call 
for data, members of FEMA, the International Organization of the Flavor 
Industry (IOFI), the European Flavour Association (EFFA) and the Japan 
Fragrance and Flavor Materials Association (JFFMA), along with the 
International Federation of Essential Oils and Aroma Trades (IFEAT) 

provided the data on these seven NFCs to assist in their safety 
evaluations. 

2. History of food use 

For centuries, the plants from the Thymus genus have been used for 
flavoring foods and as traditional medicine. The Romans used it to ward 
off venomous creatures and to flavor cheeses and liqueurs (Charles, 
2013; Grieve, 1970). Its name stems from the Greek language in which it 
can mean “courage or strength,” with early Greeks associating the herb 
with elegance (Charles, 2013). Its perceived antiseptic properties led to 
its use during the Black Plague, as well as during World War I (Charles, 
2013). The cultivation of thyme was spread into central Europe and 
England in the Middle Ages by Benedictine monks, who incorporated it 
into their famous “elixir” liqueur (Charles, 2013). Both dried and fresh 
thyme leaves are available in Western food markets and are added to 
popular Mediterranean sauces and spice blends such as za’atar, Herbes 
de Provence and bouquet garni. (Charles, 2013; Lawrence and Tucker, 
2002). Origanum Oil (FEMA 2828), although derived from a member of 
the Thymus genus, Thymus capitatus L. Hoffm. Et Link, is also known as 
Spanish oregano oil due to its similar appearance to Origanum vulgare. 
Thymus vulgaris L. and T. capitatus Hoffm. Et Link are often cultivated in 
kitchen gardens for use in food (Lawrence and Tucker, 2002). 

Abbreviations 

CA Chromosomal aberration 
CBPI Cytokinesis-block proliferation index 
CF Correction factor 
CG Congeneric group 
DTC Decision tree class 
EC50 Concentration resulting in a 50% change versus controls 
EFFA European Flavour Association 
EFSA European Food Safety Authority 
FCC Food Chemicals Codex 
ERS/USDA Economic Research Service/United States Department 

of Agriculture 
FDA Food and Drug Administration 
FEMA Flavor and Extract Manufacturers Association 
FID Flame ionization detector 
FPG Formamidopyrimidine glycosylase 
GC-MS Gas chromatography-mass spectrometry 
GLP Good laboratory practices 
GMP Good manufacturing practices 
GRAS Generally recognized as safe 
HPBL Human peripheral blood lymphocytes 

IFEAT International Federation of Essential Oils and Aroma 
Trades 

IOFI International Organization of the Flavor Industry 
JECFA Joint FAO/WHO Expert Committee on Food Additives 
JFFMA Japan Fragrance and Flavor Materials Association 
MoS Margin of safety 
NFC Natural flavoring complex 
MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3- 

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- 
tetrazolium salt (reduction assay) 

NOAEL No observed adverse effect level 
NR Neutral red cellular uptake (assay) 
OECD Organization for Economic Co-Operation and 

Development 
PC Protein content 
PCI Per capita intake 
SCE Sister chromatid exchange (assay) 
SHE Syrian hamster embryo (cells) 
TTC Threshold of toxicological concern 
UDS Unscheduled DNA synthesis (assay) 
WHO World Health Organization.  

Table 1 
NFCs evaluated by the Expert Panel.  

Name FEMA No. Estimated 
Intake (μg/person/day)1 

Most Recent Annual Volume (kg)2 

Origanum Oil (Extractive) [Thymus capitatus Hoffm. Et Link (syn. Coridothymus capitatus Reich b.)] 2828 630 6070 
Savory Summer Oil (Satureja hortensis L.) 3013 0.05 0.5 
Savory Summer Oleoresin (Satureja hortensis L.) 3014 0.04 0.43 

Savory Winter Oil (Satureja montana L.) 3016 0.7 7 
Savory Winter Oleoresin (Satureja montana L.) 3017 1 114 

Thyme Oil (Thymus vulgaris L., T. zygis) 3064 220 2130 
Thyme White Oil (Thymus vulgaris L., T. zygis) 3065 3 25  

1 For all NFCs, PCI × 10 (“eaters only’) method used to calculate estimated intake. 
2 Harman, C.L. and Murray, I.J, 2018. 2015 Poundage and Technical Effects Survey. Flavor and Extract Manufacturers Association, Washington, DC, USA. 
3 Lucas, C.D., Putnam, J.M., Hallagan, J.B., 1999. 1995 Poundage and Technical Effects Update Survey. Flavor and Extract Manufacturers Association, Washington, 

DC, USA. 
4 Harman, C.L., Lipman, M.D., Hallagan, J.B., 2013. 2010 Poundage and Technical Effects Survey. Flavor and Extract Manufacturers Association, Washington, DC, 

USA. 

S.M. Cohen et al.                                                                                                                                                                                                                               



Food and Chemical Toxicology 155 (2021) 112378

3

The poet Virgil recommended that savory be grown near beehives to 
yield a fragrant honey (Charles, 2013; Grieve, 1970). Savory summer 
and savory winter belong to the genus Satureja, the name of which is 
derived from the word “satyr.” These mythical half-man, half-goat 
creatures were considered the keepers of the savory plant by the Greeks 
and Romans (Charles, 2013). The Romans also shared the savory sum-
mer plant with the English, who then mixed the herb with bread crumbs 
to use it as a coating for meats in the seventeenth century (Charles, 
2013). Both species of savory are cultivated and used in a similar culi-
nary fashion to thyme. Although remarkably similar to each other, the 
annual summer savory possesses a slightly less bitter taste than the 
perennial winter savory. Savory is an ingredient in the popular Herbs de 
Provence blend often used in meat and soup recipes. 

In the twentieth century, the use of spice oleoresins became 
increasingly prevalent in processed foods. Spice oleoresins, prepared by 
the extraction of a spice or herb such as summer savory and winter sa-
vory, contain both the essential oil and resinous fractions of the spice or 
herb and are highly concentrated flavor ingredients compared to the 
botanicals from which they are derived. Spice/herb oleoresins used as 
flavoring ingredients are often standardized to contain a specific per-
centage of essential oil by dilution with food grade ingredients. Because 
oleoresins can be concentrated, standardized and more easily stored and 
handled, they have found use in some processed foods in place of whole 
or ground spices and herbs. 

3. Current usage 

The NFCs presented in Table 1 are used in a diverse array of com-
mercial products including baked goods, chewing gum, condiments and 
relishes, confections and frostings, frozen dairy, gelatins and puddings, 
gravies, hard candy, meat products, soft candy, soups and various bev-
erages. The most recent annual poundage (Harman et al., 2013, 2018; 
Lucas et al., 1999), and the estimated intake of each NFC are presented 
in Table 1. Of the NFCs under consideration, Origanum Oil (Extractive) 
(FEMA 2828) had both the highest annual usage and estimated intake of 
630 μg/person/day. Of the other NFCs, only Thyme Oil (FEMA 3064) 
has an estimated per capita consumption greater than 3 μg/person/day. 

Although the herbs from the Thymus and Satureja genera are 
commonly grown in household gardens and can be found fresh or dried 
in markets across the globe, usage data as consumed food are not 
available for the calculation of per capita consumption. 

4. Manufacturing methodology 

Hardy herbs of the Thymus and related Satureja genera are native to 
southern and central Europe, with Spain being a major cultivator and 
producer of many of their essential oils and extractives (Charles, 2013; 
Lawrence, 2014). Thyme oil, also referred to as red thyme oil, is ob-
tained from the steam distillation of the whole above-ground flowering 
plant of T. vulgaris L. or T. zygis, which is harvested at the beginning of 
full bloom when the plant is at its most aromatic stage (Arctander, 1961; 
Venskutonis, 2002). The characteristic red color of the oil, which dif-
ferentiates it from white thyme oil, is attributed to the interaction be-
tween one of its constituents, thymol, and the iron in the field stills 
(Lawrence and Tucker, 2002). Thyme white oil, characterized by a 
higher thymol content, is obtained from thyme (red) oil by rectification, 
or further distillation, which removes the color and other semi-volatile 
constituents (Lawrence and Tucker, 2002; Venskutonis, 2002). Two 
species of savory, Satureja hortensis L. and S. montana L., are grown to 
produce savory summer oil and savory winter oil, respectively. Savory 
summer oil can be referred to as garden savory oil while savory winter 
oil is called mountain savory oil, but both are obtained by the steam 
distillation of the whole flowering plant (Surburg and Panten, 2006). 
Colloquially called Spanish oregano or conehead thyme, Thymus cap-
itatus Hoffm. Et Link is the source of origanum oil obtained by steam 
distillation of the flowering tops (Lawrence and Tucker, 2002; Surburg 

and Panten, 2006). 
Spice/herb oleoresins such as savory summer and savory winter 

oleoresin are prepared by the extraction of the herb with a volatile 
solvent such as acetone, isopropanol, methanol, hexane or a chlorinated 
hydrocarbon followed by removal of the solvent from the extract by 
distillation. Alternatively, following the collection of the volatile oil of 
the herb by distillation, the non-volatile herb fraction is extracted with 
an approved solvent, concentrated by solvent removal then combined 
with the volatile portion collected earlier in the process. Acceptable 
solvents for the manufacture of spice/herb oleoresins and allowable 
levels of residual solvents in the finished oleoresin vary across different 
countries. In the USA, permissible solvents and allowable levels of re-
sidual solvents are listed in 21 C.F.R. § Sec. 173 subpart C and in the 
Food Chemical Codex (FCC) monograph on spice oleoresins (Food 
Chemical Codex, 2020). In addition, the FCC standard on spice/herb 
oleoresins requires that the essential oil of an oleoresin be similar in its 
physical and chemical properties, including its infrared spectrum, as 
that distilled from the spice of the same origin. 

5. Chemical composition 

The NFCs listed in Table 1 are characterized by their volatile con-
stituents. These constituents are typically analyzed by gas 
chromatography-mass spectrometry (GC-MS) to identify constituents 
against a standardized library. GC with a flame ionization detector (FID) 
is typically utilized for quantitation of each recorded chromatographic 
peak. Recorded GC peaks, either identified or not, are reported as the 
area percent of their respective chromatogram. The constituent data for 
each NFC were compiled into summaries presented in Appendix A. 
Constituents with a confirmed identity were assigned both a Cramer 
decision tree class and a congeneric group (Cohen et al., 2018; Cramer 
et al., 1978). Both assignments are based on the constituent structures 
(Cohen et al., 2018; Cramer et al., 1978). The congeneric groups pre-
sented in Cohen et al. (2018) are consistent with the chemical groups 
utilized by the Joint FAO/WHO Expert Committee on Food Additives 
(JECFA) in its evaluation of chemically defined flavor materials. 

The structures and congeneric groups of thymol, carvacrol, p-men-
tha-1,4-diene and p-cymene, commonly identified constituents among 
the listed NFCs, are shown in Fig. 1. Constituent congeneric group 
profiles for each NFC are shown in Fig. 2. Group 20 (Phenol derivatives) 
constituents, such as thymol and carvacrol, were present among all lis-
ted NFCs. The portion of total NFC composition from the combination of 
these two constituents ranged from 71% in Origanum Oil (Extractive) 
(FEMA 2828) to 47% in Thyme Oil (FEMA 3064). The second most 
dominant congeneric group was Group 19 (Aliphatic and aromatic hy-
drocarbons) constituents. The most prevalent compounds from Group 
19 were p-cymene and p-mentha-1,4-diene, which have been identified 
as precursors in the biosynthesis of carvacrol and thymol (Stahl-Biskup, 
2002). Finally, Group 12 (Aliphatic and aromatic tertiary alcohols and 
related esters) constituents were also present in all NFCs. 

Because of the variable nature of the constituent profile of spice 
oleoresins, they are characterized separately from the essential oil NFCs. 
Raw spice oleoresins are highly concentrated and consequently, they are 
often standardized using a food grade ingredient that also provides an 
associated solubility profile for the standardized oleoresin. For example, 
for oil-based applications, an oleoresin may be standardized with an 
edible vegetable oil. Alternatively, a raw oleoresin may be standardized 
with a polysorbate ester that results in a water-soluble standardized 
oleoresin. Oleoresins may be spray-dried with a modified starch or 
dispersed on a food grade carrier such as salt or dextrose (Reineccius, 
1994). For example, although a raw savory oleoresin may contain 
approximately 20% essential oil with 80% resinous material, after 
standardization with a food-grade diluent, it will contain a much lower 
percentage of essential oil and resin, as depicted in Fig. 3. While a spice 
oleoresin is always composed of essential oil, resinous material and the 
standardization agent, the customization of spice oleoresins for specific 
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applications does not allow the determination of a single chemical 
composition. Nevertheless, since the added constituents are food grade, 
the safety evaluation can be based on the estimated percentage of 
essential oil, 5–20% and non-volatile components in Savory Summer 
Oleoresin (FEMA 3014) and Savory Winter Oleoresin (FEMA 3017). 

6. Safety evaluation 

The procedure for the safety evaluation of NFCs was guided by a set 
of criteria that were initially outlined in two publications (Smith et al., 
2004, 2005) and updated in 2018 (Cohen et al., 2018). Briefly, as shown 
in Fig. 4, the NFC passes through a 14-step process; Step 1 requires the 
gathering of data and assesses the consumption of the NFC as a flavor 

relative to intake from the natural source when consumed as food; Steps 
2 through 6 evaluate the exposure and potential toxicity of the identified 
constituents (organized by congeneric group) based on available data on 
metabolism and toxicity and on the application of the Threshold of 
Toxicological Concern (TTC) approach (Kroes et al., 2000). Steps 7-12 
address the potential toxicity, including genotoxicity, of the unidenti-
fied constituents; in Step 13 the overall safety is evaluated along with 
considerations of safety for use by children, given their lower body 
weights; lastly in Step 14, the final determination of GRAS status is 
made. The safety evaluation is presented below in which each step of the 
procedure (Cohen et al., 2018) (provided in italics), is considered and 
answered for the NFCs under consideration. 

Fig. 1. Structures and congeneric group of commonly reported constituents in NFCs under consideration.  

Fig. 2. Constituent congeneric group profiles for the NFCs under consideration.  
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Step 1 

To conduct a safety evaluation of an NFC, the Panel requires that 
comprehensive analytical data are provided. The analytical methodologies 
employed should reflect the expected composition of the NFC and provide 
data that identify, to the greatest extent possible, the constituents of the NFC 
and the levels (%) at which they are present. It is anticipated that GC-MS and 
LC-MS would be used for characterization of most NFCs, and that the 
chromatographic peaks based on peak area of total ion current will be almost 

completely identified. The percentage of unknowns should be low enough to 
not raise a safety concern. Other appropriate methods (e.g., Karl Fischer 
titration, amino acid analysis, etc.) should be employed as necessary. The 
analytical parameters should be submitted for each type of analysis, including 
the method of quantitation for both identified and unidentified constituents 
and libraries, databases and methodology employed for the identification of 
analytes. The Panel requires data from multiple batches to understand the 
inherent variability of the NFC. 

Fig. 3. Standardization of raw spice oleoresins, using savory summer oleoresin as an example. Savory (raw) oleoresin is standardized by dilution with a food grade 
standardization agent, such as vegetable oil or salt, resulting in a Savory Summer Oleoresin (FEMA 3014) composed of 10% essential oil, approximately 50% 
standardization agent and 40% non-volatile resins. 

Fig. 4. Procedure for the safety evaluation of NFCs (Cohen et al. (2018)).  
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a. consumption of foods from which the NFCs are derived 
Calculate the per capita daily intake (PCI) of the NFC based on the 

annual volume added to food. 
For NFCs with a reported volume of use greater than 22,700 kg (50,000 

lbs), the intake may be calculated by assuming that consumption of the NFC is 
spread among the entire population, on a case-by-case basis. In these cases, 
the PCI is calculated as follows: 

PCI (μg / person / day) =
annual volume in kg × 109

population × CF × 365 days  

where: 
The annual volume of use of NFCs currently used as flavorings for food is 

reported in flavor industry surveys (Gavin et al., 2008; Harman et al., 
2013, 2018; Lucas et al., 1999). A correction factor (CF) is used in the 
calculation to correct for possible incompleteness of the annual volume sur-
vey. For flavorings, including NFCs, that are undergoing GRAS re-evaluation, 
the CF, currently 0.8, is established based on the response rate from the most 
recently reported flavor industry volume-of-use surveys. 

For new flavorings undergoing an initial GRAS evaluation, the anticipated 
volume is used and a correction factor of 0.6 is applied, which is a conser-
vative assumption that only 60% of the total anticipated volume is reported. 

For NFCs with a reported volume of use less than 22,700 kg (50,000 
lbs), the eaters’ population intake assumes that consumption of the NFC is 
distributed among only 10% of the entire population. In these cases, the per 
capita intake for assuming a 10% “eaters only” population (PCI × 10) is 
calculated as follows: 

PCI × 10 (μg / person / day) =
annual volume in kg × 109

population × CF × 365 days
× 10 

If applicable, estimate the intake resulting from consumption of the 
commonly consumed food from which the NFC is derived. The aspect of food 
use is particularly important. It determines whether intake of the NFC occurs 
predominantly from the food of which it is derived, or from the NFC itself 
when it is added as a flavoring ingredient (Stofberg and Grundschober, 
1987)1. At this step, if the conditions of use2 for the NFC result in levels that 
differ from intake of the same constituents in the food source, it should be 
reported. 

Thyme Oil (FEMA 3064), Thyme White Oil (FEMA 3065), Savory 
Summer Oil (FEMA 3013), Savory Summer Oleoresin (FEMA 3014), 
Savory Winter Oil (FEMA 3016), Savory Winter Oleoresin (FEMA 3017) 
and Origanum Oil (FEMA 2828) are all derived from popular culinary 
herbs. In particular, thyme is available in both fresh and dried forms in 
Western food markets and is often grown in home gardens (Lawrence 
and Tucker, 2002). Some of the botanicals from which the NFCs under 
consideration are derived have historically been used as spices. 
Although the Economic Research Service of the United States Depart-
ment of Agriculture (ERS/USDA) collects import data on these herbs, 
these data are aggregated in its report under “other spices”(ERS/USDA, 
2020). As a result, despite widespread use of these culinary herbs, reli-
able data on the consumption of these foods in the marketplace are not 
available so it is not possible to calculate a ratio for the consumption of 
the essential oil from food versus consumption of the essential oil as 
flavoring. 

b. Identification of all known constituents and assignment of Cramer 
Decision Tree Class 

In this step, the results of the complete chemical analyses for each NFC are 

examined, and where appropriate for each constituent the Cramer Decision 
Tree Class (DTC) is determined (Cramer et al., 1978). 

The constituents of the NFCs under evaluation were all sorted by 
congeneric group, a summary of which is provided in Appendix A. 
Congeneric groups are ordered from highest to lowest mean %, with 
only mean % greater than or equal to 1% of the total NFC reported. 
Constituent percentages (<1% of the total NFC) are grouped together 
under each congeneric group. The total mean % of each listed conge-
neric group is reported. 

Because chromatographic analyses for constituent composition are 
not available for the spice oleoresins, their constituent profiles have 
been derived from the information available on the volatile oil content 
and standardization procedures used for each oleoresin. For Savory 
Summer Oleoresin (FEMA 3014) and Savory Winter Oleoresin (FEMA 
3017), a constituent table and summary report were prepared from data 
collected on the volatile oil and non-volatile composition oleoresins in 
commerce. Constituents are listed and a range of the values for the mean 
percentage and estimated intake are provided, reflecting the range of 
products in commerce. 

c. Assignment of the constituents to congeneric groups; assignment of 
congeneric group DTC 

In this step, the identified constituents are sorted by their structural fea-
tures into congeneric groups. Each congeneric group should be expected, 
based on established data, to exhibit consistently similar rates and pathways 
of absorption, distribution, metabolism and excretion, and common toxico-
logical endpoints (e.g. benzyl acetate, benzaldehyde, and benzoic acid are 
expected to have similar toxicological properties).Appendix A 

For each NFC, the identified constituents and constituent congeneric 
groups comprising greater than 1% of the NFC and their respective DTC 
are reported in Appendix A. 

Assign a decision tree structural class to each congeneric group. Within a 
congeneric group, when there are multiple decision tree structural classes for 
individual constituents, the class of highest toxicological concern is assigned 
to the group. In cases where constituents do not belong to a congeneric group, 
potential safety concerns would be addressed in Step 13. 

Proceed to Step 2. 

Step 2 

Determine (a) the mean percentage (%) of each congeneric group in 
NFCs, and (b) the daily per capita intake3 of each congeneric group. (a) Is 
calculated by summing the mean percentage of each of the constituents within 
a congeneric group, and (b) is calculated from consumption of the NFC and 
the mean percentage. 

Calculation of PCI for each constituent congeneric group of the NFC: 

Intake of congeneric group
(μg/person/day) =

Mean% congeneric group × Intake of NFC (μg/person/day)
100  

where: 
The mean % is the mean percentage % of the congeneric group. 
The intake of NFC (μg/person/day) is calculated using the PCI × 10 or 

PCI equation as appropriate. 
Proceed to Step 3. 
Appendix A provides the summary report for each NFC, including the 

subtotal mean % for each congeneric group and the respective estimated 
intake values calculated using the PCI x 10 (eaters only) method. 

1 See Stofberg and Grundschober (1987) for data on the consumption of NFCs 
from commonly consumed foods.  

2 The focus throughout this evaluation sequence is on the intake of the 
constituents of the NFC. To the extent that processing conditions, for example, 
alter the intake of constituents, those conditions of use need to be noted, and 
their consequences evaluated in arriving at the safety judgments that are the 
purpose of this procedure. 

3 See Smith et al. (2005) for a discussion on the use of PCI × 10 for exposure 
calculations in the procedure. 
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Step 3 

For each congeneric group, collect metabolic data for a representative 
member or members of the group. Step 3 is critical in assessing whether the 
metabolism of the members of each congeneric group would require addi-
tional considerations in Step 13 of the procedure. 

Proceed to Step 4. 
The constituent congeneric groups for each NFC are presented in 

Appendix A. Sufficient metabolic data exist for each congeneric group or 
related compounds that indicate constituents of these groups are ex-
pected to be metabolized to innocuous products. The use of metabolic 
data in the safety evaluation of flavoring compounds and a summary of 
the expected metabolism of flavoring compounds by congeneric group is 
described in a FEMA Expert Panel publication (Smith et al., 2018). In 
addition, the Panel has also published evaluations of metabolic data for 
Group 19 (Aliphatic and aromatic hydrocarbons), Group 12 (Aliphatic 
and aromatic tertiary alcohols and related esters constituents) and 
Group 10 (Alicyclic ketones, secondary alcohols and related esters 
flavoring compounds (Adams et al., 1996; Adams et al., 2011; Marnett 
et al., 2014) and assessments of other groups or individual constituents 
(Adams et al., 2004; Adams et al., 2005a, b, c; Adams et al., 2002; Adams 
et al., 1997; Adams et al., 2008; Adams et al., 1998; Adams et al., 2007; 
Newberne et al., 1999; Smith et al., 2002). 

Step 4 

Are there concerns about potential genotoxicity for any of the constituents 
that are present in the NFC? 

If Yes, proceed to Step 4a. 
If No, proceed to Step 5. 
None of the congeneric groups that constitute these NFCs presented 

here raises a safety concern for genotoxicity, and therefore, all these 
NFCs proceed to Step 5. The FEMA Expert Panel applies a weight of 
evidence approach in their evaluation of genotoxic potential of flavoring 
ingredients (Gooderham et al., 2020b). Evaluation of the available in 
vitro and in vivo genotoxicity studies on Group 20 (Phenol derivatives) 
constituents including carvacrol, thymol and carvacrol methyl ether do 
not indicate a genotoxic potential for these and related compounds. 
These studies are described in a later section under “Biochemical and 
Toxicological Supporting Information Relevant to the Safety Evalua-
tion”. In addition, a review of the minor constituent profile also indicates 
no genotoxic concern for the congeneric groups presented. Safety as-
sessments of relevant genotoxicity data for other congeneric groups 
present in the NFCs under consideration can be found in previous FEMA 
Expert Panel safety assessments and evaluations (Adams et al., 1996, 
2008, 2011; Cohen et al., 2019; Eisenbrand et al., 2021; Marnett et al., 
2014). These groups do not present a concern for genotoxicity. 

Step 4a 

Are there sufficient data to conclude that the genotoxic potential would 
not be a concern in vivo? 

If Yes, proceed to Step 5. 
If No, additional information is required to continue the evaluation. 
Not required. 

Step 5 

Is the total intake of the congeneric group less than the TTC for the class of 
toxic potential assigned to the group (i.e., Class I: 1800 μg/person/day, Class 
II: 540 μg/person/day, Class III: 90 μg/person/day) (Kroes et al., 2000; 
Munro et al., 1996)? For congeneric groups that contain members of 
different structural classes, the class of highest toxicological concern is 
selected. 

If Yes, proceed to Step 7. 
If No, proceed to Step 6. 

The estimated intake for all reported congeneric groups presented in 
Thyme Oil (FEMA 3064), Thyme White Oil (FEMA 3065), Savory 
Summer Oil (FEMA 3013), Savory Summer Oleoresin (FEMA 3014), 
Savory Winter Oil (FEMA 3016), Savory Winter Oleoresin (FEMA 3017) 
and Origanum Oil (Extractive) (FEMA 2828) were below the TTC for 
their respective groups. These NFCs proceed to Step 7. 

Step 6 

For each congeneric group, do the data that are available from toxico-
logical studies lead to a conclusion that no adverse effects leading to safety 
concerns are exerted by each group’s members? 

This question can commonly be answered by considering the database of 
relevant metabolic and toxicological data that exist for a representative 
member or members of the congeneric group, or the NFC itself. A compre-
hensive safety evaluation of the congeneric group and a sufficient margin of 
safety (MoS) based on the data available is to be determined on a case-by- 
case basis. Examples of factors that contribute to the determination of a 
safety margin include 1) species differences, 2) inter-individual variation, 3) 
the extent of natural occurrence of each of the constituents of the congeneric 
group throughout the food supply, and 4) the nature and concentration of 
constituents in related botanical genera and species. Although natural 
occurrence is no guarantee of safety, if exposure to the intentionally added 
constituent is trivial compared to intake of the constituent from consumption 
of food, then this should be taken into consideration in the safety evaluation 
(Kroes et al., 2000). 

If Yes, proceed to Step 7. 
If No, additional information is required to continue the evaluation. 
Not required. 

Step 7 

Calculate the mean percentage (%) for the group of unidentified con-
stituents of unknown structure in each NFC (as noted in Step 1) and deter-
mine the daily per capita intake (PCI or PCI × 10) for this group. 

Proceed to step 8 
The estimated per capita intake per day for the group of unidentified 

constituents reported in each NFC is shown in Table 2, as well as in 
Appendix A. 

Step 8 

Using the data from Step 1, is the intake of the NFC from consumption of 
the food4 from which it is derived significantly greater than the intake of the 
NFC when used as a flavoring ingredient? 

If Yes, proceed to Step 13. 
If No, proceed to Step 9. 
No. Thyme Oil (FEMA 3064), Thyme White Oil (FEMA 3065), Savory 

Table 2 
Estimated intake of unidentified constituents in the NFCs under consideration.  

Name FEMA No. Estimated Intake (μg/person/day) 

Origanum Oil (Extractive) 2828 12 
Savory Summer Oil 3013 0.008 
Savory Summer Oleoresin 3014 0.01–0.03 
Savory Winter Oil 3016 0.02 
Savory Winter Oleoresin 3017 0.2–0.8 
Thyme Oil 3064 4 
Thyme White Oil 3065 0.06  

4 Provided the intake of the unidentified constituents is greater from con-
sumption of the food itself, the intake of unidentified constituents from the 
added NFC is considered trivial. 
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Summer Oil (FEMA 3013), Savory Summer Oleoresin (FEMA 3014), 
Savory Winter Oil (FEMA 3016), Savory Winter Oleoresin (FEMA 3017) 
and Origanum Oil (Extractive) (FEMA 2828) are all derived from pop-
ular culinary herbs. Fresh and dried forms of these herbs are available in 
Western food markets and can be found growing in home gardens. 
However, as discussed in Step 1, data are not currently available to 
determine their annual consumption in food for the calculation of a 
consumption ratio of the estimated intake from food versus as added 
flavoring. As a result, the safety evaluation for these NFCs proceeds to 
Step 9. 

Step 9 

Could the unidentified constituents belong to TTC-excluded classes?5 The 
excluded classes are defined as high potency carcinogens, certain inorganic 
substances, metals and organometallics, certain proteins, steroids, known or 
predicted bio-accumulators, nanomaterials, and radioactive materials 
(EFSA, 2016; Kroes et al., 2004). 

If Yes, the NFC is not appropriate for consideration via this procedure. 
If No, proceed to Step 10. 
No. Based on the identified constituents, the unidentified constitu-

ents are expected to be similar low molecular weight phenol derivatives, 
monoterpenoid and sesquiterpenoid products of the isoprene pathway. 
Additionally, the NFCs under consideration are isolated via steam 
distillation or solvent extraction, processes that are likely to exclude the 
presence of constituents from TTC-excluded classes in the unidentified 
constituents. Savory Summer Oleoresin (FEMA 3014) and Savory Winter 
Oleoresin (FEMA 3017) will be composed of an essential oil fraction, 
similar in chemical profile to Savory Summer Oil (FEMA 3013) and 
Savory Winter Oil (FEMA 3016), respectively, a resinous non-volatile 
fraction and a food grade diluent. The production of spice oleoresins 
under Good Manufacturing Practices (GMP) assures that residual sol-
vent, pesticide and metal content are below permissible acceptable 
levels (Food Chemical Codex, 2020) and members of the TTC-excluded 
classes are not expected to be present. All NFCs evaluated proceed to 
Step 10. 

Step 10 

Do the identified constituents give rise to concerns about the potential 
genotoxicity of the unidentified constituents? 

If Yes, proceed to Step 10a. 
If No, proceed to Step 11. 
No, these NFCs are primarily composed of carvacrol, thymol and 

various monoterpene hydrocarbons, and related terpenoid in-
termediates of the isoprene pathway. The unidentified constituents are 
likely to also be products of this pathway. In Step 4, a review of geno-
toxicity studies indicates that these constituents show no genotoxic 
potential as determined by the analysis of the studies described in a later 
section “Biochemical and Toxicological Supporting Information Rele-
vant to the Safety Evaluation”. Similarly, there is no concern for geno-
toxic potential in the group of unidentified constituents in the NFCs 
under consideration. Proceed to Step 11. 

Step 10a 

Is the estimated intake of the group of unidentified constituents less than 
0.15 μg/person/day (Koster et al., 2011; Rulis, 1989)? A TTC of 0.15 
μg/person/day has been proposed for potentially genotoxic substances that 
are not from the TTC-excluded classes (Kroes et al., 2004). 

If Yes, proceed to Step 13. 

If No, proceed to Step 10b. 
Not required. 

Step 10b 

Do negative genotoxicity data exist for the NFC? 
If Yes, proceed to Step 11. 
If No, retain for further evaluation, which would include the collecting of 

data from appropriate genotoxicity tests, obtaining further analytical data to 
reduce the fraction of unidentified constituents, and/or considering toxicity 
data for other NFCs having a similar composition. When additional data are 
available, the NFC could be reconsidered for further evaluation. 

Not required. 

Step 11 

Is the estimated intake of the unidentified constituents (calculated in Step 
7) less than the TTC (Kroes et al., 2000; Munro et al., 1996) for Structural 
Class III (90 μg/person/day)?6 

If Yes, proceed to Step 13. 
If No, proceed to Step 12. 
As shown in Table 2, estimated intakes of the fraction of unidentified 

constituents for each NFC are below the TTC for Structural Class III of 90 
μg/person/day. Proceed to Step 13. 

Step 12 

Does relevant toxicological information exist that would provide an 
adequate margin of safety for the intake of the NFC and its unidentified 
constituents? 

This question may be addressed by considering data for the NFC or an 
NFC with similar composition. It may have to be considered further on a case- 
by-case basis, particularly for NFCs with primarily non-volatile constituents. 

If Yes, proceed to Step 13. 
If No, perform appropriate toxicity tests or obtain further analytical data 

to reduce the fraction of unidentified constituents. Resubmit for further 
evaluation. 

Not required. 

Step 13 

Are there any additional relevant scientific considerations that raise a 
safety concern (e.g. intake by young infants and children)? 

If Yes, acquire and evaluate additional data required to address the 
concern before proceeding to Step 14. 

If No, proceed to Step 14. 
No additional relevant scientific considerations that raise a safety 

concern were identified for any of the NFCs under consideration. 
Possible exposure of children and infants, given their lower body 
weights and the potential for differences in toxicokinetics and tox-
icodynamics as compared to adults, was considered for each evaluated 
NFC. For all NFCs under consideration, the estimated intake for each 

5 This can be based on arguments including: Expert judgement; Nature of the 
identified ingredients; Knowledge on the production/extraction process (see 
also Koster et al. (2011) and EFSA (2016)). 

6 The human exposure threshold of 90 μg/person/day is determined from a 
database of NOAELs obtained from 448 subchronic and chronic studies of 
substances of the highest toxic potential (Structural Class III) mainly herbicides, 
pesticides and pharmacologically active substances (Munro et al., 1996). The 
5th percentile NOAEL (lowest 5%) was determined to be 0.15 mg/kg bw/day 
which upon incorporation of a 100-fold safety factor for a 60 kg person yielded 
a human exposure threshold of the 90 μg/person/day. However, no flavoring 
substance or food additive in this structural class exhibited a NOAEL less than 
25 mg/kg bw/d. Therefore the 90 μg/person/day threshold is an extremely 
conservative threshold for the types of substances expected in natural flavoring 
complexes. Additional data on other specific toxic endpoints (e.g., neurotox-
icity, reproductive and endocrine disruption) support the use of this threshold 
value (Kroes et al., 2000). 
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congeneric group was considerably lower than its corresponding TTC. 
Additionally, the estimated intakes of the unidentified constituents are 
well below the TTC, as shown in Table 2, with none close to the TTC 
threshold, indicating the approach to be protective for consumption by 
children. All NFCs under consideration proceed to Step 14. 

Step 14 

Based on the above data and considerations, the NFC can be generally 
recognized as safe (GRAS) under conditions of intended use as a flavoring 
ingredient. 

Yes. The FEMA Expert Panel concludes that Thyme Oil (FEMA 3064), 
Thyme White Oil (FEMA 3065), Savory Summer Oil (FEMA 3013), Sa-
vory Summer Oleoresin (FEMA 3014), Savory Winter Oil (FEMA 3016), 
Savory Winter Oleoresin (FEMA 3017) and Origanum Oil (Extractive) 
(FEMA 2828) are affirmed as GRAS under conditions of intended use as a 
flavoring substance. 

7. Biochemical and Toxicological Supporting Information 
Relevant to the safety evaluation 

As shown in Fig. 2, the constituent profiles for the NFCs under 
consideration primarily consist of Group 20 (Phenol derivatives) con-
stituents, principally carvacrol and thymol, Group 19 (Aliphatic and 
aromatic hydrocarbons) constituents and Group 12 (Aliphatic and aro-
matic tertiary alcohols and related esters) constituents (Adams et al., 
2011; Marnett et al., 2014). Savory Summer Oil (FEMA 3013), Savory 
Winter Oil (FEMA 3016), Thyme Oil (FEMA 3064) and Thyme White Oil 
(FEMA 3065) contain small (<5%) amounts of Group 10 (Alicyclic ke-
tones, secondary alcohols and related esters) constituents (Adams et al., 
1996). Additional minor (<3%) amounts of Group 23 (Aliphatic and 
aromatic ethers) constituents and Group 3 (Aliphatic linear and 
branched-chain α,β-unsaturated aldehydes and related alcohols, acids 
and esters) constituents are present in Savory Winter Oil (FEMA 3016) 
and Thyme Oil (FEMA 3064) (Adams et al., 2008). 

Below, toxicity and genotoxicity studies for Group 20 (Phenol de-
rivatives) constituents carvacrol, thymol and carvacrol methyl ether and 
for the NFCs under consideration that support the safety evaluation are 
described. A summary of the genotoxicity studies presented is provided 
in Table 3. 

7.1. Group 20 (Phenol derivatives) constituents 

7.1.1. Carvacrol (FEMA No. 2245) 

Genotoxicity. In an OECD and GLP guideline-compliant mutagenicity 
study, Salmonella typhimurium strains TA98, TA100, TA1535 and 
TA1537 and Escherichia coli strain WP2uvrA were treated with carvacrol 
in two independent assays up to 5000 μg/plate with and without Aroclor 
1254-induced rat liver S9. Under the conditions tested, there were no 
increases in the frequency of revertant colonies as a result of incubation 
with carvacrol (Bhalli, 2014). Another mutagenicity study conducted 
following the principles of the OECD guideline tested carvacrol in 
S. typhimurium strains TA97a, TA98, TA100, TA102 and TA104 up to a 
maximum concentration of 187 μg/plate. In the presence and absence of 
Aroclor 1254-induced rat liver S9 in strain TA98 and in the absence of S9 
in TA97a, carvacrol caused a slightly greater than 2 fold increase in 
revertant frequency but in a non-concentration-dependent manner 
(Llana-Ruiz-Cabello et al., 2014b). Cytotoxicity was not observed up to 
460 μM, the highest concentration tested. However, the lack of a con-
centration response in these strains precludes the determination of a 
positive result for carvacrol based on the responses observed in strains 
TA97a and TA98 (Gooderham et al., 2020b; OECD, 1997). In the 
absence of a repeat assay demonstrating a concentration response, this 
study is not helpful to the safety evaluation of NFCs containing 

carvacrol. 
In other Ames assays, carvacrol was tested in S. typhimurium strains 

TA98 and TA100 yielding mixed results (Ipek et al., 2005; Kono et al., 
1995; Stammati et al., 1999). In one study, carvacrol was tested at 
0.01–1.0 μL/plate in the presence and absence of a 3-methylcholanthre-
ne-induced rat liver S9 metabolic activation system. Carvacrol increased 
the number of revertant colonies in TA98, with and without S9, and in 
TA100, only without S9 (Ipek et al., 2005). While statistically significant 
(p < 0.001), these increases were not concentration-dependent, with 
higher concentrations displaying colony counts comparable to the sol-
vent and untreated controls in the absence of cytotoxicity. In another 
study, carvacrol did not induce mutagenicity in S. typhimurium strains 
TA98 and TA100 at concentrations of 8 or 16 μg/mL in the presence or 
absence of S9 metabolic activation (Kono et al., 1995). Similarly, 
carvacrol, at concentrations of 94, 188 and 376 μg/plate, was not 
mutagenic in strains TA98 and TA100 in assays with and without 
phenobarbital-induced rat liver S9 metabolic activation system (Stam-
mati et al., 1999). 

There was no indication of mutagenic potential when carvacrol was 
tested in a forward mutation assay using mouse lymphoma L5178Y/TK±

cells. Carvacrol did not increase the number of forward mutations after 4 
or 24 h at concentrations ranging from 62.5 to 1500 μM in the absence of 
metabolic activation (Maisanaba et al., 2015b). Carvacrol was also 
negative for genotoxicity in an in vitro sister chromatid exchange (SCE) 
study when tested in human lymphocytes at concentrations up to 5 
μL/mL (Ipek et al., 2003). Due to a lack of understanding of the un-
derlying mechanism(s) of action of the SCE assay, it was removed from 
the OECD library of standardized assays in 2014 (OECD, 2015) and its 
relevance to the safety evaluation cannot be assessed (Gooderham et al., 
2020b). 

In an in vitro comet assay to detect DNA damage, carvacrol was tested 
in human peripheral blood lymphocytes (HPBL) at concentrations of 
0.0005–2 mM (Aydin et al., 2005b, a). Cytotoxicity was determined 
using the trypan blue exclusion test, which indicated cell viability of 
greater than 90% at the tested concentrations. A significant increase in 
DNA damage was measured at concentrations of ≥0.1 mM carvacrol. In 
another in vitro comet assay (Horvathova et al., 2007), carvacrol was 
tested in human myelogenous leukemia K562 cells at concentrations of 
100 μM–200 μM. Cytotoxicity was determined using the trypan blue 
exclusion test, which indicated cell viability of greater than 50% at the 
tested concentrations. At both concentrations, treatment with carvacrol 
showed a slight but statistically significant increase in DNA damage. In a 
third in vitro comet assay, carvacrol did not cause DNA damage in V79 
Chinese hamster lung fibroblast cells at concentrations up to 25 μM, nor 
was cytotoxicity observed at these concentrations (Undeger et al., 
2009). A fourth study evaluated carvacrol in human carcinoma Caco-2 
cells and HepG2 cells for its potential to cause DNA damage using the in 
vitro comet assay. When tested up to an overall maximum concentration 
of 200 μM (based on cytotoxicity experiments), carvacrol presented % 
tail DNA values in both cell lines that were comparable to the negative 
control values (Slamenova et al., 2007). In a fifth study, carvacrol was 
tested at concentrations up to 460 μM in Caco-2 cells in the in vitro comet 
assay. No increase in DNA damage was detected when Caco-2 cells were 
exposed to carvacrol for 24 or 48 h in the standard comet assay and an 
Endo III enzyme modified assay. In a formamidopyrimidine glycosylase 
(FPG) enzyme modified comet assay, 460 μM carvacrol induced DNA 
damage when incubated for 48 h in Caco-2 cells (Llana-Ruiz-Cabello 
et al., 2014b). The cytotoxicity of carvacrol is Caco-2 cells was assessed 
using the protein content (PC) assay, the supravital dye neutral red (NR) 
cellular uptake assay and the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) reduc-
tion assay (Llana-Ruiz-Cabello et al., 2014a). In incubations of 
Caco-2-cells with carvacrol, the EC50 values (the concentration that 
modified each biomarker by 50% versus controls) for the three cyto-
toxicity assays ranged from 460 to 543 μM in 24 h experiments and 
340–377 μM in 48 h experiments. Based on these determinations of 
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Table 3 
Summary of genotoxicity studies for carvacrol, thymol, carvacrol methyl ether and NFCs under consideration.  

Name of Substance Tested Test Type (System) Doses Tested Results Reference 

a. Group 20 (Phenol derivatives) Constituents – In vitro studies 
Carvacrol Reverse mutation in S. typhimuriuma 8, 16 μg/mL Negativea Kono et al. (1995) 
Carvacrol Reverse mutation in S. typhimuriuma 94, 188, 376 μg/plate Negativea Stammati et al. (1999) 
Carvacrol Reverse mutation in S. typhimuriuma 0.01–1.0 μL/plate Positiveb Ipek et al. (2005) 
Carvacrol Reverse mutation in S. typhimuriuma 29–460 μM Positivec Llana-Ruiz-Cabello et al. (2014b) 
Carvacrol Reverse mutation in S. typhimurium and E. colia 5–5000 μg/platea (test 1) 

31.3–2000 μg/platea (test 2) 
Negativea Bhalli (2014) 

Carvacrol Forward mutation in mouse lymphoma L5178Y/Tk± cells 62.5–1500 μM Negative Maisanaba et al. (2015b) 
Carvacrol Sister chromatid exchange in human lymphocytes 0.1, 0.5, 1, 5 μL/mL Negative Ipek et al. (2003) 
Carvacrol In vitro comet assay in human lymphocytes 0.0005–2 mM Positive (Aydin et al., 2005b, a) 
Carvacrol In vitro comet assay in human leukemic K562 cells 100, 150, 200 μM Positive Horvathova et al. (2007) 
Carvacrol In vitro comet assay in Caco-2 cells 50, 100, 150, 200, 300 μM Negative Slamenova et al. (2007) 
Carvacrol In vitro comet assay in HepG2 cells 25, 50, 100, 150, 200 μM Negative Slamenova et al. (2007) 
Carvacrol In vitro comet assay in Chinese hamster V79 cells 1, 5, 25 μM Negative Undeger et al. (2009) 
Carvacrol In vitro comet assay in Caco-2 cells 115, 230, 460 μM Negatived Llana-Ruiz-Cabello et al. (2014b) 
Carvacrol In vitro chromosomal aberration in human lymphocytes 10 mg/L to 200 mg/L Negative Turkez and Aydin (2013) 
Carvacrol In vitro micronucleus in human lymphocytes 10 mg/L to 200 mg/L Negative Turkez and Aydin (2013) 
Carvacrol In vitro micronucleus in human lymphocytesa 25–122 μg/mLe,g 

25–85 μg/mLe,h 

3.25–50 μg/mLf.g 

Negativea Roy and Jois (2012a) 

Carvacrol In vitro micronucleus in mouse lymphoma L5178Y/Tk ±

cellsa 
44–700 μM Negativei Maisanaba et al. (2015b) 

Thymol Reverse mutation in S. typhimuriuma 450 μg/plate Negativea Florin et al. (1980) 
Thymol Reverse mutation in S. typhimuriuma Unspecified Negativea Azizan and Blevins (1995) 
Thymol Reverse mutation in S. typhimuriuma 94, 188, 376 μg/plate Negativea Stammati et al. (1999) 
Thymol Reverse mutation in S. typhimuriuma 8–5000 μg/plate (test 1) 

6–192 μg/plate (test 2) 
Negativea ECHA (1989) 

Thymol Reverse mutation in S. typhimuriuma 15.6–250 μM Negativea Llana-Ruiz-Cabello et al. (2014b) 
Thymol Reverse mutation in S. typhimurium and E. colia 15.6–500 μg/plate Negativea JMHLW (1996d) 
Thymol Forward mutation in Chinese hamster V79 fibroblastsa 2.8–45 μg/mLg (test 1) 

11.3–90 μg/mLh (test 1) 
5–50 μg/mLg (test 2) 
40–110 μg/mLh(test 2) 

Negativea ECHA (2010) 

Thymol Forward mutation in mouse lymphoma L5178Y/Tk± cells 8–250 μM Negative Maisanaba et al. (2015b) 
Thymol Sister chromatid exchange in human lymphocytes 25, 50, 75, 100 μg/mL Positivej Buyukleyla and Rencuzogullari 

(2009) 
Thymol Sister chromatid exchange in Syrian hamster embryo cells 0.3–30 μg/mL Positive Fukuda (1987) 
Thymol Unscheduled DNA synthesis in Syrian hamster embryo 

cellsa 
0.3–10 μg/mL Negativeg 

Positiveh 
Fukuda (1987) 

Thymol In vitro comet assay in human lymphocytes 0.75–300 μg/mL Positive (Aydin et al., 2005b, a) 
Thymol In vitro comet assay in human leukemic K562 cells 100, 200, 300, 400 μM Negative Horvathova et al. (2007) 
Thymol In vitro comet assay in Caco-2 cells 100, 250, 450, 600 μM Negative Slamenova et al. (2007) 
Thymol In vitro comet assay in HepG2 cells 100, 250, 450, 500 μM Negative Slamenova et al. (2007) 
Thymol In vitro comet assay in Chinese hamster V79 cells 150, 750, 3750 μg/mL Positive Undeger et al. (2009) 
Thymol In vitro comet assay in Caco-2 cells 62.5, 125, 250 μM Negative Llana-Ruiz-Cabello et al. (2014b) 
Thymol In vitro chromosomal aberration in Chinese hamster lung 

cellsa 
20, 40, 80 μg/mL Positivee,h 

Negativee,f,g 
(JMHLW, 1996b; Kusakabe et al., 
2002) 

Thymol In vitro chromosomal aberration in Syrian hamster embryo 
cellsa 

130, 260, 390 μM Positiveh 

Negativeg 
Hikiba et al. (2005) 

Thymol In vitro chromosomal aberration in human lymphocytes 25, 50, 75, 100 μg/mL Positive Buyukleyla and Rencuzogullari 
(2009) 

Thymol In vitro micronucleus in human lymphocytesa 25, 50, 75, 100 μg/mL Positive Buyukleyla and Rencuzogullari 
(2009) 

Thymol In vitro micronucleus in human lymphocytesa 15–135 μg/mLa,e 

0.8–98 μg/mLf,h 
Negativea Roy and Jois (2012b) 

Thymol In vitro micronucleus in mouse lymphoma L5178Y/Tk ±

cellsa 
16–250 μM Negativea Maisanaba et al. (2015b) 

Carvacrol methyl ether Reverse mutation in S. typhimurium and E. colia 1.5–5000 μg/plate Negativea Dakoulas (2016) 
Carvacrol methyl ether In vitro micronucleus in human lymphocytesa 10–150 μg/mLe,g 

25–175 μg/mLe,h 

5–60 μg/mLf,h 

Negativea Roy (2016) 

b. Group 20 (Phenol derivatives) Constituents – In vivo studies 
Carvacrol In vivo chromosomal aberration in male Sprague-Dawley 

rats (hepatocytes) 
30, 60 mg/kg bw/day Negative Slamenova et al. (2011) 

Carvacrol In vivo micronucleus in Sprague-Dawley rats (bone marrow 
erythrocytes) 

81, 256, 810 mg/kg bw Negative Llana-Ruiz-Cabello et al. (2016) 

Carvacrol In vivo comet in Sprague-Dawley rats (stomach and liver) 81, 256, 810 mg/kg bw Negative Llana-Ruiz-Cabello et al. (2016) 
Thymol In vivo micronucleus in BDF1 mice (femoral bone marrow) 312, 625, 1250 mg/kg bw Negative JMHLW (1996c) 
Thymol In vivo micronucleus in ICR mice (femoral bone marrow) 275, 550, 1100 mg/kg bw Negative ECHA (1995) 
c. Natural Flavor Complexes – In vitro studies 
Origanum extract Reverse mutation in S. typhimurium 10 mg/plate Positivek Mahmoud et al. (1992) 
Origanum oil Reverse mutation in S. typhimuriuma 0.07, 0.15, 0.3 μL/plate Negativea Zani et al. (1991) 
Origanum oil Rec assay in B. subtilis 10, 30 μL/disk Negative Zani et al. (1991) 
Savory summer oil Reverse mutation in S. typhimuriuma 0.07, 0.15, 0.3 μL/plate Negativea Zani et al. (1991) 

(continued on next page) 
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cytotoxicity, the positive result for carvacrol in the 48 h FPG enzyme 
modified comet assay at 460 μM carvacrol is attributed to cytotoxicity of 
the test substance. The in vitro comet assay lacks a standardized pro-
cedure for the performance and evaluation of results. As a result, the 
relevance of the results from the in vitro comet assay to the safety 
evaluation of NFCs containing carvacrol cannot be assessed (Gooderham 
et al., 2020b). 

In an in vitro micronucleus assay, carvacrol was tested in mouse 
lymphoma L5178Y/TK± cells at concentrations ranging from 44 to 700 
μM (Maisanaba et al., 2015b). In a 24 h exposure test in the absence of 
S9 metabolic activation system, carvacrol did not induce micronuclei 
formation at concentrations up to 700 μM. In a 4 h exposure test in the 
presence of S9, a statistically significant increase in the formation of 
micronuclei was reported only at the highest concentration tested, 700 
μM. Because the cell viability was reduced by more than 50% at 700 μM, 
the small induction of micronuclei observed is attributed to the cyto-
toxicity of carvacrol at this concentration. In an OECD and GLP 
guideline-compliant in vitro micronucleus assay, carvacrol was tested in 
HPBL (Roy and Jois, 2012a). Carvacrol was tested at concentrations of 
25–85 μg/mL in 4 h treatments in the presence of S9 metabolic activa-
tion system derived from Aroclor 1254-induced rat liver, at concentra-
tions of 25–122 μg/mL in 4 h treatments in the absence of S9 and at 
concentrations of 3.25–50 μg/mL in 24 h treatments in the absence of 
S9. Cytotoxicity, measured by the cytokinesis-block proliferation index 
(CBPI), was significant at concentrations ≥ 150 μg/mL in all three test 
groups. There was no induction of micronuclei in the 4 h treatment with 
S9 or the 24 h treatment in the absence of S9. In the 4 h treatment in the 
absence of S9, a statistically significant increase in micronuclei fre-
quency was reported at 122 μg/mL, the highest concentration scored for 

micronuclei. Despite the statistical significance of this result, the fre-
quency of micronuclei was within the laboratory’s historical negative 
control range for this test and, therefore, carvacrol did not meet the 
OECD criteria for a positive outcome and was considered negative for 
micronucleus induction (Roy and Jois, 2012a). 

Carvacrol was tested in an in vitro micronucleus induction assay and 
an in vitro chromosomal aberration (CA) assay in HPBL (Turkez and 
Aydin, 2013). Cell cultures treated at concentrations of 10, 25, 50, 75, 
100, 150 and 200 μg/mL carvacrol. For the in vitro micronucleus assay, 
lymphocytes were treated with carvacrol for 72 h in the absence of 
metabolic activation. A minimum of 1000 binucleated lymphocytes 
were scored for the presence of micronuclei. No significant increase in 
micronuclei formation, compared to the control, was observed upon 
treatment with carvacrol. For the in vitro CA assay, lymphocytes were 
treated with carvacrol for 72 h in the absence of metabolic activation. 
For each treatment, 30 metaphases were analyzed. No increase in cells 
with CA upon treatment with carvacrol, compared to the negative 
control, was observed. 

In an in vivo CA study, groups of male Sprague-Dawley rats were 
provided carvacrol at concentrations resulting in dose levels of 30 or 60 
mg/kg bw/day in the drinking water for 7 consecutive days. After the 
treatment period, the hepatocytes were collected and analyzed for the 
presence of CA. Carvacrol did not cause a statistically significant in-
crease in the frequency of CA when compared to the concurrent control 
group (Slamenova et al., 2011). 

An OECD guideline-compliant combined in vivo micronucleus and 
alkaline comet assay was conducted on carvacrol. Male and female 
Wistar rats were provided three consecutive doses of 81, 256 or 810 mg/ 
kg bw by oral gavage (Llana-Ruiz-Cabello et al., 2016). Analysis of the 

Table 3 (continued ) 

Name of Substance Tested Test Type (System) Doses Tested Results Reference 

Savory summer oil Rec assay in B. subtilis 10, 30 μL/disk Negative Zani et al. (1991) 
Savory winter oil Reverse mutation in S. typhimuriuma 0.07, 0.15, 0.3 μL/plate Negativea Zani et al. (1991) 
Savory winter oil Rec assay in B. subtilis 10, 30 μL/disk Negative Zani et al. (1991) 
Savory oil (unspecified 

type) 
Reverse mutation in S. typhimuriuma 0.1 μg/plate Negativea Ishidate et al. (1988) 

Savory oil (unspecified 
type) 

Rec assay in B. subtilisa 1.5, 4 mg/disk Positivea Ishidate et al. (1988) 

Savory oil (unspecified 
type) 

In vitro chromosomal aberration in Chinese hamster lung 
cells 

0.1 mg/mL Positiveh 

Negativeg 
Ishidate et al. (1988) 

Savory extract (unspecified 
type) 

Reverse mutation in S. typhimuriuma 10, 30, 50 mg/plate Negativea Namiki et al. (1984) 

Thyme oil Reverse mutation in S. typhimuriuma 0.25, 0.5, 1 μL/plate Negativea Zani et al. (1991) 
Thyme oil Reverse mutation in S. typhimurium 5, 10 ng/plate Positive Sivaswamy et al. (1991) 
Thyme oil Reverse mutation in S. typhimuriuma 93, 185, 463 μg/plate Negativea De Martino et al. (2009) 
Thyme oil Reverse mutation in S. typhimuriuma 50–2000 μg/mL Negativea Shoeibi et al. (2009) 
Thyme oil Rec assay in B. subtilis 2 mg/disk Positived 

Negativee 
Ueno et al. (1984) 

Thyme oil Rec assay in B. subtilis 10, 30 μL/disk Negative Zani et al. (1991) 
Thyme oil In vitro comet in human embryo lung 12,469 cells 0.0025–0.05 μL/mL Negative Puskarova et al. (2017) 
Thyme oil In vitro chromosomal aberration in Chinese hamster lung 

cells 
0.05 mg/mL Negative Ishidate et al. (1984) 

Thyme extract Reverse mutation in S. typhimuriuma 10, 30, 50 mg/plate Negativea Namiki et al. (1984) 
d. Natural Flavor Complexes – In vivo studies 
Oregano oil In vivo micronucleus in Wistar rats (femoral bone marrow) 50, 100, 200 mg/kg bw/day (90 

days) 
Negative Llana-Ruiz-Cabello et al. (2018) 

Oregano oil In vivo comet assay Wistar rats (blood, stomach, liver) 50, 100, 200 mg/kg bw/day (90 
days) 

Negative Llana-Ruiz-Cabello et al. (2018)  

a In the absence and presence of an exogenous metabolic activation system. 
b Positive in TA 98 (±) S9 and TA100 (− ) S9, negative in TA100 (+) S9. 
c Positive in TA 98 (±) S9 and TA97a (− ) S9, negative in TA100, TA102, TA104 (±) S9 and TA97a (+) S9. 
d Positive at highest concentration, 460 μM, with FPG. 
e Shorter duration treatment arm (i.e, 3, 4 or 6 h). 
f Continuous duration treatment arm (i.e., 24 or 48 h). 
g In the absence of S9 activation. 
h In the presence of S9 activation. 
i Positive at highest concentration in 3–6 h treatment time with S9 attributed to cytotoxicity. 
j Non-concentration dependent positive result. 
k TA98 positive, TA100 negative. 
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mucosa of the glandular stomach and liver tissues in rats at each dose 
level confirmed the presence of carvacrol in these tissues at all dose 
levels. The femoral bone marrow and stomach and liver tissue were 
examined for micronucleus and comet endpoints. Carvacrol did not 
cause an increase in the frequency of micronucleated polychromatic 
erythrocytes in the bone marrow at any of the tested doses. Slight 
cytotoxicity, characterized by a decrease in the ratio of polychromatic to 
normochromatic erythrocytes relative to the control, was reported in 
males of the mid-dose group and females of the high-dose group. No 
indication of DNA damage was observed in the liver or stomach of 
carvacrol-treated rats. Additionally, histopathology did not reveal any 
treatment-related adverse effects. Based on these findings, carvacrol was 
determined to be negative for genotoxicity when tested up to the 
maximum tolerated dose (Llana-Ruiz-Cabello et al., 2016). 

In summary, mutagenicity and genotoxicity assays for carvacrol 
were generally negative with a few positive results. Carvacrol was not 
mutagenic in an OECD guideline-compliant Ames test as well as other 
non-guideline Ames assays (Bhalli, 2014; Kono et al., 1995; Stammati 
et al., 1999). In two Ames assays, a non-concentration dependent in-
crease in revertant frequency was observed with treatment of carvacrol, 
but in the absence of a repeat assay demonstrating a dose response, these 
results are not considered positive for mutagenicity and are not relevant 
to the safety evaluation (Ipek et al., 2005; Llana-Ruiz-Cabello et al., 
2014b). Carvacrol was also found to be negative for genotoxicity in 
several in vitro studies including a forward mutation study in mouse 
lymphoma L5178Y/TK± cells, an SCE study in human lymphocytes, 
micronucleus assays in HPBL and mouse lymphoma L5178Y/TK± cells 
and a CA assay in HPBL (Ipek et al., 2003; Maisanaba et al., 2015a; Roy 
and Jois, 2012a; Turkez and Aydin, 2013). In the in vitro comet assays, 
both positive and negative results have been reported for carvacrol in a 
variety of cell lines. However, because positive results were often 
accompanied by cytotoxicity and because standard protocols for the 
performance and evaluation of results of this assay have not been 
established, the results of these assays are not helpful to the safety 
evaluation of carvacrol (Gooderham et al., 2020b). Two in vivo geno-
toxicity assays were reviewed for carvacrol. An in vivo CA assay exam-
ining the hepatocytes in male rats administered carvacrol in the diet for 
7 days at concentrations up to 60 mg/kg bw/day was negative (Sla-
menova et al., 2011) and an OECD guideline-compliant in vivo combined 
micronucleus and comet study in rats reported no induction of DNA 
damage in the tissues of the liver and stomach and no induction of 
micronuclei in the femoral bone marrow (Llana-Ruiz-Cabello et al., 
2016). Applying a weight of evidence approach (Gooderham et al., 
2020b), the negative results of the OECD guideline Ames and in vivo 
micronucleus and alkaline comet assay in rats in which tissue exposure 
of carvacrol was confirmed, as well as negative results in several in vitro 
assays provide convincing evidence for a lack of in vivo genotoxic po-
tential for carvacrol. 

7.1.2. Thymol (FEMA no. 3066) 

7.1.2.1. Genotoxicity. Several Ames mutagenicity assays have been 
conducted for thymol using S. typhimurium strains TA97, TA98, TA100, 
TA102, TA104, TA1535 and/or TA1537 in the presence and absence of 
S9 metabolic activation. All of the studies found thymol to be negative 
for mutagenicity up to the maximum tested concentration of 5000 μg/ 
plate (Azizan and Blevins, 1995; ECHA, 1989; Florin et al., 1980; Lla-
na-Ruiz-Cabello et al., 2014b; Stammati et al., 1999). An OECD 
guideline-compliant reverse mutagenicity assay confirmed the lack of 
mutagenic potential of thymol observed in the studies above. Thymol 
was tested up to cytotoxic concentrations and did not cause any in-
creases in the number of revertant colonies in S. typhimurium strains 
TA98, TA100, TA1535 and TA1537 and E. coli WP2uvrA in the presence 
or absence of S9 metabolic activation (JMHLW, 1996d). Similarly, two 
forward mutation studies using Chinese hamster V79 cells and mouse 

lymphoma L5178Y/TK± cells concluded thymol was non-mutagenic in 
assays with shorter duration and continuous treatments with or without 
S9 (ECHA, 2010; Maisanaba et al., 2015b). 

Several in vitro comet assays assessed the potential for thymol to 
induce DNA damage in primary cell lines, including V79 fibroblasts and 
human lymphocytes. In HPBL, thymol was tested at a range of 0.75 μg/ 
mL to 300 μg/mL in the absence of S9 only. At concentrations of 30 μg/ 
mL and greater, statistically significant increases in the number of DNA 
damaged lymphocytes were reported (Aydin et al., 2005b, a). In three 
cell lines, K562, Caco-2 and HepG2, thymol did not induce single-strand 
DNA breaks when tested up to concentrations of 600 μM (Horvathova 
et al., 2007; Llana-Ruiz-Cabello et al., 2014b; Slamenova et al., 2007). 
Thymol was tested in another in vitro comet assay in V79 Chinese 
hamster lung fibroblast cells at concentrations of approximately 150, 
750 and 3750 μg/mL. At the highest concentration of 3750 μg/mL, 
thymol induced an increase in the tail moment of V79 cells (Undeger 
et al., 2009). As noted previously for in vitro comet assays, the assay 
lacks a standardized procedure for the performance and evaluation of 
results. As a result, the relevance of the results from the in vitro comet 
assay to the safety evaluation of NFCs containing thymol cannot be 
assessed (Gooderham et al., 2020b). 

In a CA assay in Syrian hamster embryo (SHE) cells, thymol was 
concluded to be genotoxic in the presence of S9 metabolic activation. 
Increases in aberrant metaphase cells (p < 0.05) were observed at 130, 
260 and 360 μM in treatments with S9 but not at 130, 260, 390 and 520 
μM in treatments without S9 metabolic activation (Hikiba et al., 2005). 
Positive results were also reported for thymol in an SCE assay in SHE 
cells at concentrations of 0.3–30 μg/mL and in an unscheduled DNA 
synthesis (UDS) assay at concentrations of 0.3–10 μg/mL, with meta-
bolic activation. Thymol was negative in a UDS assay at concentrations 
of 0.3–10 μg/mL in the absence of metabolic activation (Fukuda, 1987). 
In another CA assay in SHE cells, thymol was concluded to be genotoxic 
in the presence of S9 metabolic activation. Increases in aberrant meta-
phase cells (p < 0.05) were observed at 130, 260 and 360 μM in treat-
ments with S9 but not at 130, 260, 390 and 520 μM in treatments 
without S9 metabolic activation (Hikiba et al., 2005). Another set of in 
vitro studies assessing the potential of thymol to induce SCEs, CAs and 
micronuclei in HPBL were conducted using non-standard experimental 
parameters, including the use of longer incubation periods and testing 
only in the absence of metabolic activation. In the SCE, CA and micro-
nucleus induction assays, HPBL were treated with thymol at concen-
trations of 25, 50, 75 and 100 μg/mL in 24 and 48 h experiments 
(Buyukleyla and Rencuzogullari, 2009). As stated above, the SCE assay 
was removed from the OECD library of standardized assays in 2014 
(OECD, 2015) and its relevance to the safety evaluation cannot be 
assessed (Gooderham et al., 2020b). In the SCE and micronucleus in-
duction assays, increases in SCE and micronuclei at all test concentra-
tions in the 24 h and 48 h experiments were not concentration 
dependent. In the CA assay, a significant increase in CA was observed in 
the 24 and 48 h experiments but was not concentration-dependent in the 
24 h experiment. A greater than 50% decrease in the mitotic index was 
measured at 100 μg/mL thymol in both the 24 h and 48 h experiments, 
indicating significant cytotoxicity at this concentration (Buyukleyla and 
Rencuzogullari, 2009). In an OECD guideline-compliant in vitro CA 
assay, thymol was tested in Chinese hamster lung cells at 20, 40 and 80 
μg/mL in the presence and absence of phenobarbital/5, 
6-benzoflavone-induced rat liver S9 metabolic activation system. For 
the 6 h treatment in the presence of S9, thymol induced a statistically 
significant increase in the frequency of CA at 80 μg/mL, at which 60% 
cytotoxicity was observed (JMHLW, 1996b; Kusakabe et al., 2002). 
However, it could not be concluded that the observed positive result was 
biologically relevant because a concentration-dependent trend was not 
demonstrated, and the apparent positive result was at concentrations at 
which excessive cytotoxicity was observed. 

In an in vitro micronucleus assay, thymol was tested in mouse lym-
phoma L5178Y/TK± cells at concentrations ranging from 16 to 250 μM 
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(Maisanaba et al., 2015b). In a 24 h exposure test in the absence of S9 
metabolic activation system and a 4 h exposure test with S9 metabolic 
activation, thymol did not induce micronuclei formation at concentra-
tions up to 250 μM. In OECD guideline-compliant in vitro micronucleus 
induction assays in HPBL, thymol did not induce micronuclei formation 
in binucleated cells (Roy and Jois, 2012b). Thymol was tested at con-
centrations of 15–70 μg/mL in 4 h treatments in the presence of an S9 
metabolic activation system derived from Aroclor 1254-induced rat 
liver, at concentrations of 15–85 μg/mL in 4 h treatments in the absence 
of S9 and at concentrations of 3.25–50 μg/mL in 24 h treatments in the 
absence of S9. Cytotoxicity, measured by CBPI, was significant at con-
centrations ≥150 μg/mL in all the 4 h treatments, with and without S9 
and >45 μg/mL in the 24 h treatment. There was no induction of 
micronuclei upon treatment with thymol in the three experiments. 

Two OECD and GLP guideline-compliant in vivo micronucleus in-
duction assays concluded that thymol was not genotoxic when admin-
istered to ICR or BDF1 mice by oral gavage (ECHA, 1995; JMHLW, 
1996a). ICR mice were provided a single dose of 275, 550 or 1100 
mg/kg bw, and BDF1 mice were provided a single dose of 312, 625 or 
1250 mg/kg bw. Treatment with thymol did not induce any statistically 
significant increases in micronucleated polychromatic erythrocytes of 
the femoral bone marrow in either in vivo study (ECHA, 1995; JMHLW, 
1996c). Slight reductions in the ratio of polychromatic erythrocytes to 
total erythrocytes for high-dose animals in the study in ICR mice 
confirmed that the target tissue (bone marrow) had been reached 
(ECHA, 1995). 

In a series of reverse mutation (Ames) assays and two forward mu-
tation assays thymol was negative for mutagenicity. In an OECD 
guideline-compliant in vitro CA assay in Chinese hamster lung cells, 
thymol induced chromosomal aberrations, but only at the highest con-
centration, in the presence of metabolic activation, where significant 
cytotoxicity was also observed. Mixed results were reported for thymol 
in other non-standard in vitro CA assays but in two OECD guideline- 
compliant in vitro micronucleus assays in human peripheral blood lym-
phocytes and mouse lymphoma L5178Y/TK±, thymol did not increase 
the frequency of micronuclei. Two OECD guideline-compliant in vivo 
micronucleus assays reported no induction of micronuclei in the bone 
marrow of mice with the administration of thymol by oral gavage. Based 
on the weight of evidence of negative results for mutagenicity and 
genotoxicity in OECD guideline-compliant in vitro and in vivo assays, 
thymol is not of concern with respect to genotoxicity (Gooderham et al., 
2020b). 

7.1.2.2. Subchronic toxicity. A 19-week dietary toxicity study was con-
ducted in which thymol was administered to Osborne-Mendel strain rats 
(5/sex/group) at concentrations of 0 (control), 1000 or 10,000 ppm in 
the diet, corresponding to estimated intakes of 0, 50 or 500 mg/kg bw/ 
day, respectively (FDA, 1993). At study termination, blood samples were 
collected for hematology, and the liver, kidneys, spleen, heart, testes and 
other organs and tissues, were examined macroscopically and micro-
scopically. There were no adverse effects in hematological parameters or 
histopathology observed in any of the treatment groups, and the 
No-Observed-Adverse-Effect Level (NOAEL) was determined to be the 
highest dose tested of 500 mg/kg bw/day (Hagan et al., 1967). 

7.1.2.3. Reproductive/developmental toxicity. In an OECD guideline- 
compliant combined repeated dose and reproductive/development 
toxicity study, groups of male and female Sprague-Dawley rats were 
administered thymol at dose levels of 0 (control), 8, 40 or 200 mg/kg 
bw/day by oral gavage. Male rats were administered thymol during the 
two-week pre-mating period, the two-week mating period and post- 
mating for a total of 43 days; females were administered thymol 
throughout the pre-mating, mating and gestational periods through 
Lactation Day 4 for a total of 52 days. One male of the 200 mg/kg bw/ 
day dose group was found dead, but there were no deaths in any other 

treatment group. In the male high dose group, a decrease in body weight 
gain was reported. A transient decrease in locomotor activity and tran-
sient ataxia was reported in several female rats in the high dose group 
and was attributed to anesthetic action and muscle contraction sup-
pression action of thymol. No changes were observed in hematological 
and blood chemistry parameters. Histopathological examinations con-
ducted on mid- and/or high-dose males revealed increased incidences of 
slight to moderate squamous epithelial hyperplasia, slight inflammatory 
cell infiltration and slight edema in the forestomach when compared to 
the control group. Increased incidences of these forestomach findings 
attributed to gavage administration were also reported in mid- and high- 
dose females: slight to moderate squamous epithelial hyperplasia and 
slight inflammatory cell infiltration. The forestomach findings were not 
considered toxicologically relevant due to the absence of these rodent- 
specific organs in humans (Maronpot et al., 2004; Proctor et al., 
2007). In female rats, involution of the thymus was observed in one 
mid-dose and one-high-dose animal, and increased fat droplets in the 
zona fasciculata of the adrenal cortex were observed in one high-dose 
animal; both findings have been interpreted to be secondary stress re-
sponses due to pregnancy (Greaves, 1991; Pearse, 2006). Administration 
of thymol did not lead to adverse effects on reproductive or develop-
mental parameters. Slightly lower body weights and decreased body 
weight gains were observed in F1 male and female rats at the high dose 
level but were attributed to higher litter size. Since the forestomach 
findings are not relevant to humans and the endocrine findings were 
related to stress, the FEMA Expert Panel determined a NOAEL of 200 
mg/kg bw/day for systemic toxicity. The NOAELs for reproductive and 
developmental toxicity were also determined to be 200 mg/kg bw/day 
(JMHLW, 1996a). 

7.1.3. Carvacrol methyl ether 

Genotoxicity. Carvacrol methyl ether was tested in a reverse mutation 
study conducted according to OECD and GLP guidelines in bacterial 
strains S. typhimurium TA98, TA100, TA1535 and TA1537 and E. coli 
WP2uvrA at a concentration range of 1.5–5000 μg/plate in the absence 
and presence of S9 metabolic activation derived from the livers of 
Aroclor 1254-treated rats. Carvacrol methyl ether was negative for 
mutagenic potential at concentrations up to 5000 μg/plate (Dakoulas, 
2016). Carvacrol methyl ether did not induce the formation of micro-
nuclei in human peripheral blood lymphocytes incubated with and 
without Aroclor 1254-induced rat liver S9 metabolic activation when 
tested up to 200 μg/mL for the 4-h treatments (with and without S9) and 
up to 60 μg/mL for the 24-h treatment period (without S9) in an OECD 
and GLP guideline-compliant in vitro micronucleus study (Roy, 2016). 

7.2. Natural flavor complexes 

For the NFCs under consideration, genotoxicity and the following 
sub-chronic toxicity studies are available. 

7.2.1. Origanum oil (extractive) 

Genotoxicity. Two strains of S. typhimurium, TA98 and TA102, were 
incubated with the alcohol extract of origanum (Thymus capitatus L.) in a 
reverse mutation assay. The origanum extract was mutagenic in strain 
TA98 and non-mutagenic in strain TA102 at a concentration of 10,000 
μg/plate (Mahmoud et al., 1992). The authors concluded that the extract 
was positive in TA98 based on the number of colonies counted in the 
culture minus the number of spontaneous revertants. Fold increase, 
which is a commonly used method of assessing degree of mutagenicity, 
was not determined, nor was cytotoxicity evaluated. Therefore, the 
positive result was not considered relevant. In another experiment, the 
essential oil obtained by steam distillation of origanum, containing 53% 
carvacrol, 16% thymol, 7% linalool, 5% p-cymene, 4% p-mentha-1, 
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4-diene with other reported minor constituents and consistent with the 
composition of Origanum Oil FEMA 2828, was assessed for its genotoxic 
potential in the rec and Ames assays (Zani et al., 1991). The rec assay 
was negative at concentrations of 10 and 30 μL/disk but the relevance of 
this assay is unclear. The OECD notes that indicator tests such as the rec 
assay should be considered with the results of other assays that measure 
DNA damage or mutagenicity that can be passed on to subsequent 
generations (OECD, 2015). In the reverse mutation assay, mutagenic 
activity was not detected in S. typhimurium strains TA98, TA100, 
TA1535 and TA1537 at concentrations up to 300 μg/plate origanum oil 
in both the presence and absence of Aroclor-induced rat liver S9 (Zani 
et al., 1991). 

7.2.2. Related NFC: Oregano (Origanum vulgare) essential oil 

7.2.2.1. Genotoxicity. In an OECD guideline-compliant combined 
micronucleus induction and comet assay, groups of male and female 
Wistar rats (5/sex/dose) were administered 50, 100 or 200 mg/kg bw 
per day of oregano oil for 90 days. (Llana-Ruiz-Cabello et al., 2018). The 
composition of the test substance, determined by GC-MS analysis, was 
56% carvacrol, 5% thymol, 15% p-cymene, 4% γ-terpinene with other 
minor terpenoid constituents. At the end of the study, the animals were 
terminated and the femoral bone marrow was isolated, fixed and stained 
for analysis. Peripheral blood lymphocytes and stomach (portion not 
specified) and liver samples were collected and subjected to standard 
and enzyme modified comet analyses. There was no increased frequency 
of micronucleus induction in the bone marrow of rats administered 
oregano oil under the conditions of this study. In the comet assays, both 
standard and Endo III/FPG assays, there were no increased occurrences 
of DNA strand breaks detected in the tissues analyzed. 

7.2.2.2. Subchronic toxicity. In a 90 day repeated dose study performed 
in accordance to the OECD Guideline 408, oregano oil derived from 
Origanum vulgare was administered to Crl:W1(Han) (type outbred) 
Wistar rats (10/sex/group) in the diet (Llana-Ruiz-Cabello et al., 2017). 
The composition of the test substance, determined by GC-MS analysis, 
was 56% carvacrol, 5% thymol, 15% p-cymene, 4% γ-terpinene with 
other minor terpenoid constituents. The levels of oregano oil adminis-
tered were 0 (neutral gelatine), 1000, 2000 or 4000 mg/kg feed 
providing a dose of 0, 50, 100 or 200 mg/kg bw per day of oregano oil, 
respectively. Animals were observed daily and body weights, food and 
water consumption measurements were recorded weekly. Blood samples 
were collected for hematology and clinical chemistry analyses. At 
termination, gross necropsies were conducted on all animals and major 
tissues and organs were collected, weighed and preserved. All high-dose 
and vehicle control animals were subject to detailed necropsy and his-
topathology of the liver, kidney, intestine, stomach, lung, heart, and 
testicle or ovary. 

There were no mortalities and no abnormal clinical observations 
during the study period. Body weight gain, food and water consumption 
were comparable across control and test groups throughout the study. 
Clinical biochemistry and hematology analyses showed a statistically 
significant decrease in serum glucose in the 50 mg/kg bw per day males, 
a statistically significant increase in serum glucose in the 200 mg/kg bw 
per day females and a statistically significant decrease in red cell dis-
tribution width for the 200 mg/kg bw per day female group. Gross 
necropsy revealed no changes in organ weights in the treated groups 
compared to the control group except for a slight increase in kidney 
weight for the 200 mg/kg bw per day females when compared to the 
100 mg/kg bw per day female group and a significant increase in the 
ovary weights for the 50 mg/kg bw per day females. Histopathological 
analyses of the liver, kidney, intestine, stomach, lung, heart, and testicle 
or ovary found no differences between the control and treatment groups. 
The study authors determined a NOAEL of 200 mg/kg bw per day 
oregano oil in rats. 

7.2.3. Savory summer oil 

Genotoxicity. The essential oil of Satureja hortensis (38% p-mentha-1,4- 
diene, 37% carvacrol, 8% p-cymene, 3% 3-carene, 2% myrcene, 2% 
β-caryophyllene, 1% α-pinene and other reported minor constituents) 
was not mutagenic at concentrations up to 300 μg/plate in an Ames 
study in S. typhimurium strains TA98, TA100, TA1535 and TA1537 in the 
presence and absence of S9 derived from the livers of Aroclor-treated 
rats (Zani et al., 1991). Savory summer oil was also tested in a rec 
assay at 10 or 30 μL/disk. Savory summer oil was negative in this assay, 
but the relevance of this indicator assay for genotoxicity and repair is 
unclear. The OECD notes that indicator tests such as the rec assay should 
be considered with the results of other assays that measure DNA damage 
or mutagenicity that can be passed on to subsequent generations (OECD, 
2015). 

7.2.4. Savory winter oil 

Genotoxicity. Savory winter oil, composed of 36% carvacrol, 27% p- 
cymene, 7% p-mentha-1,4-diene, 4% humulene, 2% thymol with other 
minor constituents, was tested in two in vitro mutagenicity assays. In a 
rec assay, S. montana was tested at 10 or 30 μL/disk and did not induce 
bacterial growth inhibition. As discussed previously, the relevance of 
this assay is unclear (OECD, 2015). A reverse mutation assay tested the 
same oil in four S. typhimurium strains in the presence and absence of an 
S9 metabolic activation system derived from Aroclor-induced rat liver. 
Savory winter oil did not cause any increases in revertant colony 
numbers in TA98, TA100, TA1535 or TA1537 (Zani et al., 1991). 

7.2.5. Savory oil (unspecified type) 

Genotoxicity. An essential oil of savory was tested in S. typhimurium 
strains TA98, TA100, TA1535, TA1537 and TA1538 up to concentra-
tions of 0.1 μg/plate in the presence and absence of phenobarbital/5,6- 
benzoflavone-treated rat liver S9 in a reverse mutation assay. Savory oil 
did not increase the frequency of revertant colonies under any of the 
tested conditions and was concluded to be non-mutagenic (Ishidate 
et al., 1988). Two independent reverse mutation assays in S. typhimurium 
strains TA98 and TA100 tested an ethanolic savory extract (Namiki 
et al., 1984). The ethanolic extract was found to be negative when tested 
at 10, 30 or 50 mg/plate in the presence and absence of S9 metabolic 
activation (Namiki et al., 1984). 

Savory oil was positive in a rec assay in experiments both with and 
without S9 metabolic activation at 4 and 1.5 mg/disk, respectively 
(Ishidate et al., 1988). No current testing guidelines are available for the 
rec assay; additionally, the OECD notes that the results of indicator tests, 
including the rec assay, should be evaluated with the results of other 
genotoxicity or mutagenicity assays (OECD, 2015). In a chromosome 
aberration study, Chinese hamster lung cells were incubated with savory 
oil at a single concentration of 0.1 mg/mL. After a 24-h incubation in the 
presence of Kanechlor 400-induced rat liver S9, the frequency of struc-
tural aberrations increased whereas in the absence of S9, savory oil did 
not induce chromosomal aberrations after 24- and 48-h treatment. 
Cytotoxicity of the test substance in Chinese hamster lung cells was not 
reported (Ishidate et al., 1988). 

7.2.6. Thyme oil 

7.2.6.1. Genotoxicity. Essential oils from two variants of Thymus vul-
garis L. were analyzed for their mutagenic potential in S. typhimurium 
strains TA98, TA100, TA1535 and TA1537. The first essential oil had a 
composition of 44% p-cymene, 23% thymol, 5% p-mentha-1,4-diene, 3% 
eucalyptol and other minor constituents; the second essential oil con-
tained 34% thymol, 25% p-cymene, 10% p-mentha-1,4-diene, 4% 
linalool, 4% caryophyllene and other minor constituents. Both essential 
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oils were non-mutagenic when tested with and without S9 metabolic 
activation system from Aroclor-induced rat liver up to 1000 μg/plate 
(Zani et al., 1991). Several screening assays have also been conducted on 
thyme oil or extract in S. typhimurium TA98 and/or TA100 in the pres-
ence or absence of S9 activation up to an overall maximum concentra-
tion of 50 mg/plate, and all concluded that the test substance was not 
mutagenic under the conditions tested (De Martino et al., 2009; Namiki 
et al., 1984; Shoeibi et al., 2009). 

A reverse mutation assay using S. typhimurium strains TA98, TA1535, 
TA1537 and TA1538 concluded that thyme oil was weakly mutagenic at 
a concentration of 5 ng/plate in TA98 and TA1538 and mutagenic at 5 
ng/plate in TA1537, but non-mutagenic up to 10 ng/plate in TA1537 
(Sivaswamy et al., 1991). As discussed previously (Rietjens et al., 2020), 
the authors of this study did not indicate whether there was a 
concentration-dependent response, did not evaluate test substance 
toxicity and tested concentrations that are unusually low and the quality 
of the study presented does not meet current widely-accepted test 
guidelines (OECD, 1997). 

A rec assay conducted on thyme oil resulted in a positive result when 
the substance was tested in the absence of metabolic activation, but a 
negative result was obtained in the presence of Aroclor 1254-induced 
liver S9 activation (Ueno et al., 1984). As noted above, the rec assay is 
an indicator test that should be considered with the results of other as-
says that measure DNA damage or mutagenicity that can be passed on to 
subsequent generations (OECD, 2015). 

An in vitro chromosome aberration assay tested thyme oil at three 
concentrations up to 50 μg/plate, which did not induce cytotoxicity. 
After a 48-h treatment period in the presence and absence of Kanechlor 
KC 400-induced rat liver S9, thyme oil did not cause any numerical or 
structural aberrations in Chinese hamster fibroblasts, and it was 
concluded to be non-genotoxic (Ishidate et al., 1984). A commercial 
sample of thyme oil was assessed in an in vitro comet assay in human 
embryo lung 12,469 cells. When tested at concentrations of 0.0025, 
0.005, 0.01, 0.025 and 0.05 μL/mL, thyme oil did not increase the % tail 
DNA in treated cells. Therefore, thyme oil was concluded to be negative 
for the induction of DNA damage (Puskarova et al., 2017). Due to the 
lack of a standardized procedure for the performance and evaluation of 
results of the in vitro comet assay, the relevance of this result cannot be 
assessed (Gooderham et al., 2020b). 

Thyme oil did not show mutagenicity in the Ames assay and was 
negative for genotoxicity in a chromosomal aberration assay in Chinese 
hamster fibroblasts. The weight of evidence of these studies indicates no 
genotoxic concern for thyme oil. 

7.2.6.2. Subchronic toxicity. Thyme oil was evaluated for toxicity in a 
28-day repeat oral dose study conducted in accordance with OECD 
testing guidelines with slight modifications. Thyme oil was analyzed and 
shown to contain 46% thymol, 20% p-mentha-1,4-diene, 16% p-cymene, 
3% p-menth-1,3-diene, 2% β-myrcene and other minor compounds 
(Rojas-Armas et al., 2019). Groups of 5 male and 5 female Holtzman 
strain rats were orally administered thyme oil at dose levels of 100, 250 
or 500 mg/kg bw/day. Animals were monitored twice daily for signs of 
toxicity and mortality. Body weights were measured at study initiation 
and weekly thereafter. On the day of necropsy, blood samples were 
collected for hematological and clinical chemistry assessments. At study 
termination, all animals were necropsied, and organs and tissues were 
excised, weighed and fixed for histopathological examinations. During 
the study period, there were no deaths or signs of toxicity. Mean group 
body weights of females were comparable between treated and control 
groups. For high-dose males, statistically significant lower mean body 
weights were reported compared to the control group (p < 0.05). The 
study authors did not correlate this reduction in body weight with 
reduced food consumption. The reduced body weights in the high dose 
male group were not accompanied by changes in the relative weights of 
the organs. There were no statistically significant changes in hematology 

and clinical chemistry parameters in male and female animals admin-
istered thyme oil. Relative organ weights for both male and female 
treatment groups were comparable to the control groups. Histopatho-
logical findings included mild inflammatory infiltrates in the liver (70%) 
at all dose levels, although this is a common finding even in control rats; 
moderate inflammatory infiltrates of the lungs (65%) in low- and 
mid-dose animals were more severe in high dose animals where hem-
orrhagic foci were also observed. The changes in the lung were irritative 
in nature and may have arisen as a consequence of partial exhalation of 
the volatile test substance administered by gavage. Mild acute inflam-
mation in the stomach was observed in one mid-dose animal and two 
high-dose animals (sex not reported). In the esophagus, a moderate 
sub-epithelial inflammatory cell infiltrate was observed in one high-dose 
animal (sex not reported). The study authors attributed the findings in 
the stomach and esophagus to be due to gavage administration of the 
thymol oil. Based on these findings, the study authors determined the 
NOAEL to be greater than 250 mg/kg bw/day in male and female rats 
(Rojas-Armas et al., 2019). Based on the authors description of the 
histopathological findings in the lung tissues described by the study 
authors, the FEMA Expert Panel determined a more conservative NOAEL 
of 100 mg/kg bw/day that is possibly higher if the inflammatory in-
filtrates observed in the lungs are due to irritation caused by inhalation 
of the test substance. Based on a NOAEL of 100 mg/kg bw/day, the MoS 
for Thyme Oil (FEMA 3064) is greater than 27,000 and the MoS for 
Thyme White Oil (FEMA 3065) is greater than 2,000,000. 

7.2.7. Summary of NFC studies 
A review of available in vitro genotoxicity assays for origanum oil, 

savory (summer and winter) oil and thyme oil indicate a lack of geno-
toxic potential. These observations are consistent with the lack of gen-
otoxic potential observed for carvacrol and thymol, major constituents 
of these essential oils. A short-term toxicity study of thyme oil presents 
sufficient margins of safety for Thyme Oil (FEMA 3064) and Thyme 
White Oil (FEMA 3065). 

8. Recognition of GRAS status 

The safety evaluation procedure of the FEMA Expert Panel was 
applied to the NFCs listed in Table 5, which were concluded to not 
present a safety concern. For Thyme Oil (FEMA 3064), Thyme White Oil 
(FEMA 3065), Savory Summer Oil (FEMA 3013), Savory Summer 
Oleoresin (FEMA 3014), Savory Winter Oil (FEMA 3016), Savory Winter 
Oleoresin (FEMA 3017) and Origanum Oil (Extractive) (FEMA 2828), 
the estimated intakes for their constituent congeneric groups are below 
the TTC for their respective structural classes, indicating no safety 
concern. Available genotoxicity studies for both the NFCs and their 
Group 20 (Phenol derivatives) constituents were reviewed and support 
the conclusion that these flavoring ingredients do not raise a concern for 
genotoxicity. Based on the safety evaluation described in this manu-
script, these data support the affirmation of the generally recognized as 
safe (GRAS) status of the NFCs at the currently levels of intended use as 
flavoring ingredients. 

Table 5 
NFCs affirmed FEMA GRAS.  

FEMA 
No. 

Name 

2828 Origanum Oil (Extractive) Thymus capitatus Hoffm. Et Link (syn. 
Coridothymus capitatus Reich b.)] 

3013 Savory Summer Oil (Satureja hortensis L.) 
3014 Savory Summer Oleoresin (Satureja hortensis L.) 
3016 Savory Winter Oil (Satureja montana L.) 
3017 Savory Winter Oleoresin (Satureja montana L.) 
3064 Thyme Oil (Thymus vulgaris L., T. zygis) 
3065 Thyme White Oil (Thymus vulgaris L., T. zygis)  
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products. In: Stahl-Biskup, E., Sáez, F. (Eds.), Thyme, the Genus Thymus. Taylor & 
Francis, London, UK, pp. 252–262. 

Llana-Ruiz-Cabello, M., Gutiérrez-Praena, D., Pichardo, S., Moreno, F.J., Bermúdez, J.M., 
Aucejo, S., Cameán, A.M., 2014a. Cytotoxicity and morphological effects induced by 
carvacrol and thymol on the human cell line Caco-2. Food Chem. Toxicol. 64, 
281–290. https://doi.org/10.1016/j.fct.2013.12.005. 

Llana-Ruiz-Cabello, M., Maisanaba, S., Puerto, M., Pichardo, S., Jos, A., Moyano, R., 
Camean, A.M., 2017. A subchronic 90-day oral toxicity study of Origanum vulgare 
essential oil in rats. Food Chem. Toxicol. 101, 36–47. https://doi.org/10.1016/j. 
fct.2017.01.001. 

Llana-Ruiz-Cabello, M., Maisanaba, S., Puerto, M., Prieto, A.I., Pichardo, S., Jos, A., 
Cameán, A.M., 2014b. Evaluation of the mutagenicity and genotoxic potential of 
carvacrol and thymol using the Ames Salmonella test and alkaline, Endo III- and FPG- 
modified comet assays with the human cell line Caco-2. Food Chem. Toxicol. 72, 
122–128. 

Llana-Ruiz-Cabello, M., Maisanaba, S., Puerto, M., Prieto, A.I., Pichardo, S., Moyano, R., 
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