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In a 90‐day GLP‐compliant study groups of Sprague‐Dawley rats (10/sex/group) were fed diets containing β‐
ionone epoxide, a fragrance material and a flavoring substance, at dietary concentrations providing target
intakes of 0, 20, 40 and 80 mg/kg bw/day. There were no deaths and no adverse changes in clinical observa-
tions, ophthalmological examinations, body weight, body weight gain, food consumption, food efficiency;
hematology, serum chemistry, urinalysis parameters; or in macroscopic findings attributable to β‐ionone epox-
ide administration. Increased absolute and relative liver weights in high dose females without correlating hep-
atic histopathological findings were considered non‐adverse. Cortical vacuolation of adrenal zona fasciculata
was observed in high‐dose males but was considered non‐adverse due to the nondegenerative nature of this
alteration. β‐Ionone epoxide did not influence estrus cyclicity in females and did not affect sperm morphology
or epididymal sperm count, homogenization‐resistant spermatid count and motility measurements in male rats.
The no‐observed‐adverse‐effect level (NOAEL) for administration of β‐ionone epoxide in the diet was deter-
mined to be the highest dose tested of 80 mg/kg bw/day.
Introduction non‐specified isomeric configuration in many foods, with measured
β‐Ionone epoxide (Fig. 1) is a flavoring substance with a fruity and
woody flavor profile. It occurs naturally in its trans (E‐), cis (Z‐) or
levels in apricots, dill, endive, raspberry, tea and tomato up to
8 ppm and in lemon balm up to 11,000 ppm (Nykanen and
Nykanen, 1986; Schreier et al., 1981; Kawakami and Yamanishi,
f Federal
istration;
bserved‐

http://crossmark.crossref.org/dialog/?doi=10.1016/j.crtox.2021.05.001&domain=pdf
https://doi.org/10.1016/j.crtox.2021.05.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:staylor@vertosolutions.net
https://doi.org/10.1016/j.crtox.2021.05.001
https://doi.org/10.1016/j.crtox.2021.05.001
http://www.sciencedirect.com/science/journal/2666027X
http://www.elsevier.com/locate/crtox


Fig. 1. Chemical structure of β-ionone epoxide.
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1983; Buttery et al., 1993; Aprea et al., 2015; Takeoka et al., 1990). It
is also used as a fragrance ingredient with an intensely sweet, fruity‐
woody odor with floral notes similar to raspberry (Arctander, 1969).

The use of β‐ionone epoxide as a fragrance and flavoring substance
was evaluated in the United States, Europe and internationally by the
Joint FAO/WHO Expert Committee on Food Additives (JECFA). In the
United States, the Flavor and Extract Manufacturers Association
(FEMA) Expert Panel evaluated β‐ionone epoxide (FEMA No. 4144)
as part of a group of similar epoxides in 2004 and reaffirmed it as a
“Generally Recognized as Safe” (GRAS) flavoring substance (Smith
et al., 2005). JECFA evaluated β‐ionone epoxide (JECFA No. 1571)
at its 65th meeting in 2006, as part of the group “Epoxides” and con-
cluded that it was of no safety concern considering its natural occur-
rence and the low estimated daily intakes based on annual
production volumes (FAO/WHO Joint Expert Committee on Food
Additives, 2006, 2009). In Europe, the European Food Safety Author-
ity (EFSA) reviewed β‐ionone epoxide [FL‐No. 07.170] in 2009 and
assigned it to further review for genotoxicity as part of a group of
α,β‐unsaturated ketones (European Food Safety Authority, 2009).
Genotoxicity data were provided that ruled out concerns of genotoxic
potential. In fact, β‐ionone epoxide showed no mutagenic activity
when tested in two different bacterial reverse mutation assays and in
a mouse lymphoma thymidine kinase (tk+/−) gene mutation assay
(Flanders, 2006; Jones, 1988; Kringstad, 2005). Once cleared of geno-
toxicity concerns (European Food Safety Authority, 2014), EFSA
reviewed all available data for β‐ionone epoxide in the same year
(European Food Safety Authority, 2014). However, for this flavoring
substance to be evaluated through EFSA’s safety evaluation procedure,
a subchronic toxicity study was required to establish a no‐observed‐
adverse‐effect level (NOAEL). As a result, additional toxicological data
were requested to complete the safety evaluation. In response to
EFSA’s request, the OECD guideline‐compliant subchronic toxicity
study presented here was conducted and appropriately designed to
derive a NOAEL. Additional endpoints of reproductive function were
included for β‐ionone epoxide in this study due to lack of relevant data
in the broader database for this and similar epoxides. At the time of
this publication, the EFSA safety evaluation for this material was ongo-
ing, based on the newly submitted toxicity data. The purpose of this
article is to present the results of the subchronic toxicity study on β‐
ionone epoxide.
Methods and materials

Study compliance

This study (Bauter, 2016) was conducted at the contract research
organization (CRO) Product Safety Labs (PSL; Dayton, NJ) under the
sponsorship of the International Organization of the Flavor Industry
(IOFI) and the Research Institute for Fragrance Materials (RIFM). It
was conducted according to the general principles outlined in OECD
Guideline 408 (Organisation for Economic Cooperation and
Development, 1998); the US FDA Toxicological Principles for the
Safety Assessment of Food Ingredients (Redbook 2000) (US Food
and Drug Administration, 2007); and principles of Good Laboratory
Practice (GLP) (US Food and Drug Administration, 1987;
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Organisation for Economic Cooperation and Development, 1998).
Clinical pathology evaluations were performed by Product Safety Labs.

Test substance

β‐Ionone epoxide (IUPAC Name: 4‐(2,2,6‐trimethyl‐7‐oxabicyclo[4.
1.0]hept‐1‐yl)but‐3‐en‐2‐one; MW 208.30; CAS No. 23267–57‐4) was
sourced from a flavor supplier as a light yellow liquid to crystalline
product with a purity of > 95% (by area using GC–MS) of 5,6‐epoxy
ionone (a.k.a., β‐ionone epoxide). The test material is representative
of the flavoring substance in the market (referred to henceforth as “test
substance”) and complied with EFSA and JECFA purity specifications
(assay minimum > 95%). The test substance was stored at ambient
conditions prior to initiation of the study. The stability, concentration
verification and homogeneity in the dietary mixtures were confirmed
as part of the study using gas chromatography (Product Safety Labs,
Dayton, NJ).

Dietary preparation

Appropriate concentrations of β‐ionone epoxide were added to the
diet (excluding control diets) and thoroughly mixed. The stability of β‐
ionone epoxide in the diet was evaluated in samples taken from the
lowest and highest dose concentrations on Days 0, 4, 7 and 10 follow-
ing initial and final diet preparation using gas chromatography. Test
substance homogeneity in the diet was assessed at the beginning of
the study in samples taken from the top, middle and bottom strata
of the diet preparations. Diet samples for concentration verification
of β‐ionone epoxide were taken at the beginning, middle and end of
the study. All samples were kept frozen (‐20 °C) until analysis.

Chemical analysis
Samples of neat substance and dietary mixtures at the lowest and

highest dietary concentrations were analyzed using gas chromatogra-
phy with flame ionization detector (GC‐FID) (Hewlett Packard HP
6890 Series) for homogeneity, concentration verification and stability
(Bellizio, 2015). The chemical analysis was conducted according to US
EPA GLP Standards 40 CFR Part 160.113. The analytical method was
developed and validated by the testing laboratory for the purpose of
this study. Briefly, a Rtx‐5MS capillary column (30 m × 0.25 mm,
0.25 µm film thickness) was used with carrier gas set to a constant flow
rate of 1.8 mL/min. Split mode injections (ratio 10:1) were utilized
with an inlet temperature of 230 °C. Oven operating conditions were
as follows: initial temperature of 50 °C for 5 min, increasing to
240 °C at 25 °C/min and then held at 240 °C for 5 min. The detector
temperature was set to 250 °C, with air and hydrogen flow rates of
400 and 40 mL/min, respectively. Injection volumes of 1 µL were used
for all sample and standard solutions. All samples were extracted with
methanol containing an internal standard (undecane) at a concentra-
tion of 100 µg/mL.

Experimental design

Target concentrations for the test diets in the main 90‐day toxicity
study were based on an unpublished non‐GLP 14‐day range finding
toxicity study (Bauter, 2015), conducted in accordance with OECD
Guideline 407 (Organisation for Economic Cooperation and
Development, 2008) and Redbook 2000, IV.C.3.a. Short‐Term Toxicity
Studies with Rodents (US Food and Drug Administration, 2003). In the
14‐day range‐finding study, groups of CRL Sprague‐Dawley CD® IGS
rats (5/sex/group) were fed diets with nominal concentrations of 0
(control), 1200, 2400 or 4800 ppm β‐ionone epoxide (equivalent to
a mean overall dietary intake of 0, 106.1, 214.2 or 419.0 mg/kg
bw/day for males and 0, 102.6, 210.8 or 421.1 mg/kg bw/day for
females, respectively).
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In the 90‐day repeat dose toxicity study, test diets were prepared at
concentrations calculated to provide target dose levels of 0, 20, 40 or
80 mg β‐ionone epoxide/kg bw/day. The dietary intake of β‐ionone
epoxide (mg/kg bw/day) was calculated based on the animals’ most
recent body weights and food consumption data each week and for
the study overall. While doses up to 400 ‐mg/kg bw/day were
expected to be welltolerated based on the results of the range finding
study, the dose range selected for the 90‐day study was limited by test
substance availability as the annual production volume for this sub-
stance is low. Diets were prepared weekly in 2016C Envigo Teklad
Global Certified Rodent Diet® (Envigo Teklad, Inc.) as a meal and
were stored refrigerated between administrations. For test diets, the
test substance was mixed with a small amount of acetone to facilitate
incorporation into the basal diet (the final amount of acetone in the
test diet was considered negligible as it was anticipated to fully evap-
orate during the mixing process). Acetone was also added at an equiv-
alent quantity to the basal control diet. Once added to the basal diet,
test diets were thoroughly mixed and administered to animals, while
excess diet was stored refrigerated. Additional diet was provided, with
or without test substance as needed throughout the study, to ensure
ad libitum feeding.

Animals

In the range‐finding study, the animals were housed under the
same conditions and handled humanely, as described for the main
study. CRL Sprague‐Dawley CD® IGS rats were obtained from Charles
River Laboratories, Inc. (Kingston, NY) at approximately 6–7 weeks of
age. For the main study, following a 6‐day acclimation period, healthy
animals were randomly assigned to one of 4 groups (10/sex/group)
stratified by body weight (±20% of the mean weight) and were
approximately 7–8 weeks of age with body weights of 203–252 g for
males and 164–201 g for females at study initiation. Animals were
handled humanely in an AAALAC‐accredited facility and were individ-
ually housed in suspended stainless steel caging with mesh floors con-
forming to the size recommendations in the most recent Guide for the
Care and Use of Laboratory Animals (National Research Council,
2011). Litter paper was placed beneath the cages and was changed
at least three times per week. During urine collection, animals were
housed in metabolism cages. The animals were kept at a room temper-
ature of 19–25 °C with a relative humidity of 46–71% and a 12‐hour
light/12‐hour dark cycle and were provided with 2016C Envigo Tek-
lad Global Certified Rodent Diet® as a meal and filtered tap water
ad libitum.

Observations

Range-finding study
The animals were observed daily for viability, signs of gross toxic-

ity and behavioral changes, and on Days 0, 7 and 14 for a battery of
detailed observations. Body weights were recorded twice during the
acclimation period including on Day 0, on Days 7 and 10 and on
Day 14 prior to terminal sacrifice. Individual food consumption was
also recorded at the same time as body weights. All animals were sub-
ject to gross necropsy and gross lesions were recorded. Tissues were
collected and preserved when warranted by potential toxicity. Animals
were not fasted prior to necropsy.

Main toxicity study
Ophthalmological examinations. Prior to treatment and just prior to study
termination (Day 88), the eyes of all animals were examined by a veteri-
nary ophthalmologist using mydriatic eye drops, focal illumination,
indirect ophthalmoscopy and, when indicated, slit‐lamp microscopy.

Clinical signs. The animals were observed at least twice daily for viabil-
ity during the study and were also observed weekly for a battery of
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detailed clinical observations, including signs of gross toxicity and
behavioral changes.

Body weight. Body weights were recorded twice during acclimation,
including prior to test initiation (Day 0) and weekly thereafter until
immediately prior to euthanasia. Body weight gain was also
calculated.

Food consumption. Food consumption was measured and recorded to
coincide with body weight measurements. Food efficiency and dietary
intake of the test substance (mg/kg bw/day) was also calculated.

Hematology and clinical chemistry

Rats were fasted overnight prior to blood collection. Blood samples
for hematology (500 µL blood collected in K3EDTA‐containing tubes)
and clinical chemistry (1000 µL blood collected without preservative)
were drawn from overnight fasted rats via sublingual bleeding under
isoflurane anesthesia during Weeks 8 and 13. Blood samples
(1.8 mL) for coagulation parameters (prothrombin time and activated
partial thromboplastin time) were collected (in tubes containing 3.2%
sodium citrate) via the inferior vena cava under isoflurane anesthesia
at termination.

The following hematology parameters were analyzed: erythrocyte
count, hemoglobin concentration, hematocrit, mean corpuscular vol-
ume, mean corpuscular hemoglobin, red cell distribution width, abso-
lute reticulocyte count, platelet count, total white blood cell and
differential leukocyte count and mean corpuscular hemoglobin con-
centration. Blood smears stained with new methylene blue or
Wright‐Giemsa stain also were prepared. The following clinical chem-
istry parameters were analyzed: serum aspartate aminotransferase,
serum alanine aminotransferase, sorbitol dehydrogenase, alkaline
phosphatase, total bilirubin, urea nitrogen, blood creatinine, total
cholesterol, triglycerides, fasting glucose, total serum protein, albu-
min, globulin, calcium, inorganic phosphorus, sodium, potassium
and chloride.

Urinalysis

Rats were fasted at least 15 h prior to blood collection and placed in
metabolism cages one day prior to blood collection. Urine samples for
urinalysis were collected from all surviving study animals. The urinary
parameters analyzed included pH, ketone, color, glucose, bilirubin,
clarity, specific gravity, blood, volume, protein, urobilinogen and
microscopic urine sediment.

Necropsy and organ weights

At termination, all rats were euthanized by carbon dioxide asphyx-
iation and underwent full necropsies. Wet organ weights were
recorded for adrenals, kidneys, spleen, brain, liver, testes, epi-
didymides, ovaries with oviducts, thymus, heart, pituitary and uterus.
Ventral prostate, seminal vesicles and thyroid/parathyroid were
weighed after preservation in 10% neutral buffered formalin. Selected
organs and tissues from all animals were preserved in 10% neutral buf-
fered formalin except for eyes with optic nerve, epididymides and
testes, which were preserved in modified Davidson’s fixative and
stored in ethanol for histological evaluation.

Histopathology

Histopathology evaluations were performed by a board‐certified
veterinary pathologist on the preserved organs and tissues of all ani-
mals from the control and high‐dose groups, on any gross lesions
and on tissues and organs from the low‐ and mid‐dose groups to fur-
ther investigate changes of potential toxicological interest, including
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the adrenal gland of one mid‐dose male and the uteri of three low‐dose
and six mid‐dose females. The fixed tissues were trimmed, processed,
embedded in paraffin, sectioned with a microtome, placed on glass
microscope slides, stained with hematoxylin and eosin and examined
by light microscopy.

Estrus cyclicity

During Weeks 6–7 and again during Weeks 12–13 of the treatment
period, vaginal smears and estrus cycle stages were taken and recorded
daily for each 14‐day interval for all females to evaluate reproductive
functionality.

Sperm analysis

At the end of the study, all surviving male rats were evaluated for
reproductive function by analysis of sperm samples collected at termi-
nation for motility, epididymal sperm count, homogenization‐resistant
spermatid (from the testis) count and morphology.

For motility evaluation, the left vas deferens was excised, placed
into a petri dish containing 1% bovine serum albumin and left for
2 min to allow sperm to disperse from the tissue. Then a sample of
sperm was collected from the petri dish into a 100 µm‐deep glass
chamber and immediately loaded into a pre‐warmed stage of the
Hamilton‐Thorne IVOS automated sperm analyzer (Hamilton Thorne
Biosciences, Beverly, MA). Motility was assessed for a minimum num-
ber of sperm (200) or until a maximum of 20 fields total were evalu-
ated. Increments of five fields per animal were selected, stored and
analyzed as digital images as percent motile sperm to total sperm ana-
lyzed per animal.

For total sperm count determination, the left epididymis, which
was previously excised and frozen (−70 ± 10 °C), was thawed,
weighed, trimmed and then minced in deionized water for preparation
of sperm smear slides. For homogenization‐resistant spermatid count,
the left testis, which was previously removed and frozen (−70 ± 10 °
C), was slightly thawed; and the tunica albuginea, along with any asso-
ciated blood vessels, were removed and discarded. Each testis was
weighed, placed into a vial containing deionized water and then
homogenized in a Waring® blender. A 100 µL sample of the epi-
didymis and testis suspensions were stained with a dye that uniquely
stains sperm heads. These stained suspensions were placed onto
20 µm deep glass slides and loaded into the Hamilton‐Thorne IVOS
(Hamilton Thorne Biosciences, Beverly, MA) automated sperm ana-
lyzer for total sperm count and homogenization‐resistant spermatid
determination. Twenty fields/animal were selected, reported and
adjusted for caudal epididymal weight.

For sperm morphological examination, two eosin‐stained slides
were prepared for each rat. The slides were evaluated and, where pos-
sible, a minimum of 200 sperm cells/rat were examined for morpho-
logical development using a light microscope.

Statistical analysis

In-life and organ weight data
Mean and standard deviations were calculated for all quantitative

data. When warranted by sufficient group sizes, data within groups
were evaluated for homogeneity of variances and normality by Bar-
tlett’s test (Bartlett, 1937). Where Bartlett’s test indicated variance
homogeneity, treated and control groups were compared using a
one‐way analysis of variance (ANOVA). When one‐way analysis of
variance was significant, a comparison of the treated groups to control
by Dunnett’s test (Dunnett, 1964, 1980) for multiple comparisons was
performed. Where variances were considered significantly different by
Bartlett’s test, groups were compared using a non‐parametric analysis
of variance (Kruskal and Wallis, 1952). When non‐parametric analysis
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of variance was significant, a comparison of treated groups to control
was performed using Dunn’s test (Dunn, 1964).
Clinical pathology
Significance was evaluated at a probability value of p < 0.05.

Males and females were analyzed separately. Initially, Levene’s test
(Levene and Olkin, 1960) for homogeneity and Shapiro‐Wilk test
(Shapiro and Wilk, 1965) for normality were performed; if not signif-
icant, an ANOVA with Dunnett’s test (Dunnett, 1964, 1980) were con-
ducted. If the preliminary tests were significant, transforms of the data
to achieve normality and variance homogeneity were applied. The
order of transforms attempted was log, square root and rank‐order.
If the log and square root transforms failed, the rank‐order was used,
and a non‐parametric analysis of variance was performed for group
comparison.
Sperm analysis
Means and standard deviations for sperm motility, epididymal

sperm count, homogenization‐resistant spermatid (HRS; from the tes-
tis) count and morphology data were calculated for each control and
treatment group. Data were compared across groups using a non‐
parametric analysis of variance (Kruskal and Wallis, 1952). If a signif-
icant difference was found (p < 0.05), the Mann‐Whitney U test
(Mann and Whitney, 1947) was used for pair‐wise comparisons of each
treated group to the control group.
Results

The neat test substance was stable under storage conditions over
the course of the study, with measured concentrations within 96.7%,
96% and 99.2% of target, respectively, at the beginning, middle and
end of the study. The diets were prepared weekly and kept refrigerated
following preparation, unless immediately administered to the test
animals on the day of preparation. The dietary preparations at the
low and high concentrations were homogeneously distributed within
an acceptable margin of variation at the start [relative standard devi-
ation (RSD) of 7.1% and 18%, respectively] and the end (0.6 and 0.8%
RSD, respectively) of the study. Dietary preparations were stable for
the duration of weekly intervals between preparations, with concen-
trations within 95.0–102.5% of target at the low dietary concentration
and within 98.6–101.8% of target at the high dietary concentration.
The concentration verification analysis, conducted at the beginning,
middle and end of the study, confirmed that the weekly prepared test
diets were consistent for test substance concentrations which ranged
from 84.0 to 92.9% of target.
Observations

Range finding study
There were no deaths; adverse clinical observations; or changes in

body weight, body weight gain, food consumption, food efficiency or
gross findings that were considered a result of test substance adminis-
tration. The results from the 14‐day study indicated that male and
female rats should tolerate dietary concentrations up to 4800 ppm β‐
ionone epoxide (approximately 420 mg/kg bw/day), the highest con-
centration tested, in a study of longer duration.
Main toxicity study
There were no deaths during the 90‐day study. Clinical observa-

tions (e.g., slight to moderate alopecia, hair loss and broken incisor)
reported were considered incidental and not relevant to the toxicolog-
ical evaluation of the test material. All animals in the study were nor-
mal upon ophthalmic exam.



Table 1
Mean (±SD) body weights, body weight gains, food consumption and food efficiency in Sprague-Dawley rats (n = 10) fed β-ionone epoxide in the diet for 90 days.

Nominal Dose Level (mg/kg bw/day)

0 20 40 80

Males
Body weighta (g) 498 ± 42 513 ± 56 509 ± 42 489 ± 40
Body weight gainb (g/d) 3.0 ± 0.4 3.2 ± 0.6 3.1 ± 0.4 2.9 ± 0.3
Food consumptionb (g/d) 26.5 ± 2.3 27.3 ± 2.4 26.7 ± 2.5 25.9 ± 1.6
Food efficiencyb 0.11 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.11 ± 0.01

Females
Body weighta (g) 281 ± 20 274 ± 26 280 ± 32 290 ± 30
Body weight gainb (g/d) 1.1 ± 0.2 1.0 ± 0.2 1.1 ± 0.3 1.2 ± 0.2
Food consumptionb (g/d) 19.1 ± 0.9 18.9 ± 1.7 19.2 ± 2.2 19.3 ± 1.9
Food efficiencyb 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.06 ± 0.01

SD, standard deviation
a values reported for Day 91
b values reported for Day 0 to Day 91 (overall mean for study period)
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Mean weekly body weights, mean daily body weight gain, food
consumption and food efficiency (Table 1) were comparable to con-
trols in all animals administered β‐ionone epoxide.
Dietary intake

The rats were fed diets with β‐ionone epoxide at target doses of 20,
40 or 80 mg/kg bw/day. Using body weight and food consumption
data collected throughout the study, mean dietary β‐ionone epoxide
intake during the study (Days 0–91) was 19.3, 38.5 or 77.4 mg/kg
bw/day for males and 19.5, 39.0 or 77.7 mg/kg bw/day for females.
Clinical pathology

There were no adverse and/or toxicologically relevant changes in
hematology, clinical chemistry or coagulation parameters attributable
to administration of β‐ionone epoxide. The only statistically significant
changes in hematological parameters reported (Table 2) included
increased absolute large unstained cell count and decreased absolute
reticulocyte count in high‐dose males on Day 51 and increased abso-
lute reticulocyte count in high‐dose females on Day 51 (Table 2).
Prothrombin time showed a small but statistically significant decrease
in high‐dose females on Day 95. Statistically significant changes also
were reported for clinical chemistry parameters and included: on Days
51 and 86, increased triglycerides in high‐dose females, decreased
alkaline phosphatase in all treated females and increased calcium in
mid‐dose males; on Day 51, increased cholesterol in high‐dose females,
decreased aspartate aminotransferase in high‐dose males, decreased
alanine aminotransferase in high‐dose females, decreased sorbitol
dehydrogenase in low‐dose females, decreased creatinine in mid‐
dose females, decreased bilirubin in low‐ and high‐dose males and in
mid‐ and high‐dose females and decreased chloride in low‐and mid‐
dose males; and on Day 86, decreased bilirubin in high‐dose females,
decreased creatinine in all treated females and decreased chloride in
mid‐dose females (Table 2). The only statistically significant differ-
ences in urinalysis parameters were increased volume in high‐dose
females on Days 51 and 86, decreased specific gravity in high‐dose
females on Day 86 and decreased urine protein in mid and high dose
females on Day 86 (Table 2).

In summary, the hematological, clinical chemistry and urinalysis
parameter changes were not dose dependent, were small in magnitude
and were within the range of the laboratory’s historical control values.
In addition, those changes observed only on Day 51 but not on Day 86
also lacked a time‐dependent profile. Based on these considerations,
the changes described above were interpreted to be within biological
variation expected for each of the parameters. Furthermore, in the
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absence of any correlating histopathology, these changes were not
considered adverse effects.

Necropsy and histopathology

No macroscopic findings in treated rats were associated with
administration of the test substance. Any macroscopic observations
(e.g., small adrenal gland in one mid‐dose male, small kidney cyst in
one high‐dose male, fluid‐filled uterus attributable to the estrus cycle
in several females from all groups including controls and agenesis of
an ovary in one control female) were regarded as sporadic in incidence
and spontaneous in nature, showed no trends/patterns, and therefore,
were not considered toxicologically relevant.

Evaluations of organ weight measurements showed no statistically
significant differences in either absolute organ weights or organ
weights relative to body weights between treated and corresponding
control male animals (Table 3). The only statistically significant
changes in organ weights reported were increases in absolute liver
weight (20%) and liver‐to‐body weight ratio (17%) in high‐dose
females; however, without any correlating hepatic histopathological
findings, these increases were interpreted to be non‐adverse (Table 3).
No other differences in absolute or relative organ weights were
observed in female animals.

Microscopic findings consisted of minimal to moderate diffuse cor-
tical vacuolation of adrenal zona fasciculata observed in 8 out of 10
high‐dose males; whereas, minimal cortical adrenal gland vacuolation
was seen in 3 out of 10 control males, consistent with reported diffuse
microvesicular vacuolation as a background finding in the rat adrenal
cortex with a slight difference between sexes in some strains (McInnes,
2012; Brändli‐Baiocco et al., 2018). Both incidence and severity of this
finding were increased in the high dose group compared to the control
and were therefore considered test substance‐related. However, the
finding was not interpreted as adverse by the study pathologist
because of absence of associated degenerative changes suggesting cell
or tissue damage (e.g., cyst formation, loss of cellular architecture
detail or associated inflammatory cell response) or other morphologi-
cal alterations, such as hypertrophy or necrosis, indicative of addi-
tional concurrent toxicity. No changes in the lipid profile was
observed in clinical chemistry in male animals that would suggest lipid
accumulation. Small increases in mean cholesterol and triglycerides
concentrations were reported in clinical chemistry at the top dose only
in female animals, but those were minimal and within biological (his-
torical control) range and were interpreted to be within biological
variation. Importantly, there were no significant increases in absolute
or relative adrenal weights in male animals at any dose level. For these
reasons, the degree of cortical adrenal vacuolation in males at the high
dose of β‐ionone epoxide was not considered adverse



Table 2
Selected mean (±SD) hematology, coagulation, clinical chemistry and urinalysis parameters of Sprague-Dawley rats (n = 10) fed β-ionone epoxide in the diet for
90 days.

Nominal Dose Level (mg/kg bw/day) Historical Control Data

0 20 40 80 Mean Range

Males
Hematology
RBC (x106/µL) Day 51 8.5±0.3 8.4±0.4 8.3±0.4 8.3±0.4 8.75 5.07-10.04

Day 86 8.7±0.3 8.6±0.3 8.5±0.3 8.6±0.5
HGB (g/dL) Day 51 16.1±0.4 15.9±0.6 16.0±0.5 16.0±0.5 15.6 10.5-17.3

Day 86 16.1±0.4 16.1±0.6 15.9±0.6 16.1±0.4
HCT (%) Day 51 46.3±1.2 45.9±1.6 46.1±1.4 45.9±1.3 46.27 34.8-50.6

Day 86 46.0±1.1 45.9±1.5 45.6±1.5 46.2±1.3
WBC (x103/µL) Day 51 12.9±1.9 13.6±3 14.7±3.2 13.8±2.1 12.77 7.29-23.97

Day 86 8.7±1.5 10±2.6 10.3±1.7 9.3±1.8
NEU (x103/µL) Day 51 2.1±0.8 2.5±1.1 2.1±1.3 1.8±0.6 2.23 0.53-9.39

Day 86 1.3±0.4 2.0±0.9 1.6±0.8 1.3±0.4
LYM (x103/µL) Day 51 10.0±1.5 10.4±2.4 11.8±3 11.3±2.2 9.74 3.33-19.97

Day 86 7.0±1.1 7.5±2.2 8.3±1.8 7.6±1.7
MON (x103/µL) Day 51 0.37±0.06 0.34±0.16 0.41±0.26 0.33±0.11 0.39 0.14-0.94

Day 86 0.17±0.06 0.18±0.07 0.19±0.07 0.15±0.05
LUC (x103/µL) Day 51 0.06±0.02 0.07±0.03 0.09±0.05 0.08±0.01** 0.13 0-0.47

Day 86 0.03±0.01 0.04±0.01 0.04±0.02 0.04±0.02
RET (x103/µL) Day 51 277±34 252±65 237±54 203±32* 231 121-1913

Day 86 201±28 193±46 182±47 164±24
Coagulation
PT (sec) Day 94 10.5±0.3 10.4±0.3d 10.3±0.2 10.5±0.4 10.5 9.5-11.5
Clinical Chemistry
AST (U/L) Day 51 86±9a 86±9b 83±8c 75±5d* 95 56-345

Day 86 92±2e 82±9c 84±10f 81±15e

ALT (U/L) Day 51 37±2 37±5 37±4 36±4 40 18-221
Day 86 32±4 34±6 33±5 35±6

SDH (U/L) Day 51 4.5±0.9a 8.0±3.0b 8.8±6.0c 6.8±3.1d 9.4 0-126.0
Day 86 1.6±1.8e 3.4±0.8c 4.5±4.1f 3.6±1.6e

ALKP (U/L) Day 51 106±15 120±19 105±19 103±25 99 55-183
Day 86 85±18 93±19 81±14 84±20

BILI (mg/dL) Day 51 0.18±0.02 0.16±0.02* 0.16±0.03 0.14±0.02* 0.17 0.10-0.28
Day 86 0.15±0.02 0.14±0.01 0.14±0.02 0.14±0.02

CHOL (mg/dL) Day 51 64±14 59±11 67±10 74±13 80 34-159
Day 86 71±17 66±15 75±11 81±16

CREA (mg/dL) Day 51 0.27±0.04 0.28±0.05 0.27±0.04 0.28±0.05 0.29 0.20-0.48
Day 86 0.30±0.04 0.28±0.04 0.30±0.03 0.29±0.04

TRIG (mg/dL) Day 51 44±15 58±21 54±14 51±14 94 18-283
Day 86 48±19 55±20 51±16 48±18

CALC (mg/dL) Day 51 9.6±0.3 9.6±0.3 9.9±0.3* 9.7±0.2 10.2 8.1-11.8
Day 86 9.6±0.2 9.8±0.2 9.9±0.3* 9.8±0.2

CL (mmol/L) Day 51 103±1 102±1* 102±1 102±1* 103 92-120
Day 86 102±1 102±1 103±1 102±1

Urinalysis
SG Day 51 1.04±0.03 1.05±0.02 1.03±0.02 1.04±0.03 1.06 1.01-1.10

Day 86 1.04±0.01 1.05±0.02 1.04±0.02 1.03±0.01
UVOL (mL) Day 51 12.2±7 7.4±5.6 12.5±6.3 13.9±10.9 6.7 0.4-36.0

Day 86 6.5±2.3 6.8±5.9 7.0±3.7 9.8±5.6
UMTP (mg/dL) Day 51 130±161b 157±75 109±96 111±87 243 27-1330

Day 86 125±45 151±70 142±48 94±35

Females
Hematology
RBC (x106/µL) Day 51 7.8±0.4 8.2±0.5 8.1±0.4 8.1±0.3 8.3 7.24-9.34

Day 86 7.9±0.5 8.2±0.4 8.1±0.4 8.0±0.3
HGB (g/dL) Day 51 15.3±0.9 15.9±0.7 15.7±0.6 15.9±0.6 15.3 13.4-17.1

Day 86 15.6±0.9 15.9±0.5 15.7±0.7 15.8±0.5
HCT (%) Day 51 43.3±2.3 45.2±1.9 44.4±1.7 45.0±1.6 44.9 40.6-49.4

Day 86 43.7±2.7 44.5±1.4 43.9±1.9 44.1±1.4
WBC (x103/µL) Day 51 11.1±3.5 9.6±2 9.8±2.8 9.5±2.3 7.8 2.41-14.79

Day 86 5.5±2.9 6.2±2.3 6.2±2.2 6.6±2.3
NEU (x103/µL) Day 51 0.9±0.4 1.0±0.4 1.3±0.3 1.1±0.7 1.08 0.33-3.11

Day 86 0.6±0.2 0.7±0.6 0.8±0.4 1±0.5
LYM (x103/µL) Day 51 9.6±3.3 8.1±2.0 8.1±2.6 7.8±2 6.27 1.8-12.84

Day 86 4.7±2.6 5.2±2.2 5.1±2 5.3±1.9
MON (x103/µL) Day 51 0.22±0.14 0.21±0.07 0.23±0.10 0.22±0.15 0.21 0.04-0.47

Day 86 0.09±0.05 0.10±0.04 0.11±0.06 0.09±0.05
LUC (x103/µL) Day 51 0.07±0.06 0.06±0.02 0.06±0.03 0.04±0.02 0.08 0-0.26

Day 86 0.02±0.02 0.03±0.02 0.03±0.01 0.03±0.01
RET (x103/µL) Day 51 174±37 186±33 182±45 225±39* 166 91-247

Day 86 114±25 122±17 139±27 140±30

(continued on next page)
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Table 2 (continued)

Nominal Dose Level (mg/kg bw/day) Historical Control Data

0 20 40 80 Mean Range

Coagulation
PT (sec) Day 95 10.1±0.2 10.0±0.3 10.0±0.2 9.7±0.2* 9.9 9.2-10.5
Clinical Chemistry
AST (U/L) Day 51 87±23d 75±12 95±66 70±11g 82 47-460

Day 86 93±38 78±21 73±18 68±15
ALT (U/L) Day 51 38±12 30±8 36±14 27±3** 35 13-283

Day 86 41±17 32±11 31±5 31±13
SDH (U/L) Day 51 8.5±2.5d 5.8±1.9** 8.8±6.6 6.6±1.6g 8.1 0.2-42.7

Day 86 8.9±6.0 5.7±2.0 6.1±1.9 7.4±2.9
ALKP (U/L) Day 51 73±19 55±11* 52±13* 54±12* 53 21-179

Day 86 57±14 40±9* 37±9* 44±11*
BILI (mg/dL) Day 51 0.19±0.03 0.18±0.01 0.16±0.02* 0.15±0.03* 0.18 0.10-0.27

Day 86 0.15±0.02 0.15±0.02 0.14±0.03 0.13±0.01*
CHOL (mg/dL) Day 51 70±15 74±18 78±17 90±13* 94 42-225

Day 86 83±14 87±22 98±20 104±18
CREA (mg/dL) Day 51 0.34±0.03 0.31±0.05 0.30±0.02* 0.31±0.03 0.35 0.23-0.53

Day 86 0.41±0.05 0.35±0.04* 0.35±0.03* 0.36±0.03*
TRIG (mg/dL) Day 51 30±6 33±4 34±10 41±15* 55 16-265

Day 86 37±10 43±9 44±14 66±32**
CALC (mg/dL) Day 51 10.0±0.4 10.0±0.4 10.1±0.4 10.1±0.5b 10.5 9.0-12.1

Day 86 10.2±0.3 10.1±0.3 10.4±0.4 10.3±0.5
CL (mmol/L) Day 51 103±1 103±1 102±2 103±1 103 93-118

Day 86 104±1 103±1 102±2** 103±2
Urinalysis
SG Day 51 1.04±0.02 1.03±0.02 1.02±0.01 1.02±0.01 1.05 1.01-1.10

Day 86 1.07±0.04 1.06±0.02 1.05±0.03 1.04±0.03*
UVOL (mL) Day 51 6.9±4.5 6.6±3.1 10.6±5.7 12.5±6.3* 4.6 0.10-23.0

Day 86 2.9±4.6 2.4±1.5 5.3±5.3 7.6±6.8*
UMTP (mg/dL) Day 51 38±21 32±20 24±9 32±32 111 Sep-00

Day 86 145±86b 90±56 70±53 92±179#

SD, standard deviation; ALT, serum alanine aminotransferase; ALKP, alkaline phosphatase; AST, serum aspartate aminotransferase; BILI, total bilirubin; CALC,
calcium; CHOL, total cholesterol; CL, chloride; CREA, blood creatinine; HGB, hemoglobin; HCT, hematocrit; LUC, absolute large unstained cell; LYM, absolute
lymphocyte count; MON, absolute monocyte count; NEU, absolute neutrophil count; PT, prothrombin time; RBC, red blood cell count; RET, absolute reticulocyte
count; SDH, sorbitol dehydrogenase; SG, specific gravity; TRIG, triglycerides; UMTP, urinary protein; UVOL, urinary volume; WBC, white blood cell count
*p < 0.05, Dunnett 2-sided test
**p < 0.05, Dunnett non-parametric 2-sided test
# includes outlier, deviating from normal distribution; if outlier is excluded (35 ± 18), UMTP reduction at the mid and high dose is statistically significant at

p < 0.05.
a n = 5; b n = 9; c n = 6; d n = 8; e n = 2; f n = 3; g n = 7

Table 3
Mean (±SD) absolute and relative organ weights of Sprague-Dawley rats (n = 10) fed β-ionone epoxide in the diet for 90 days.

Nominal Dose Level (mg/kg bw/day)

0 20 40 80

Males
Terminal BdW (g) 472 ± 44 491 ± 54 488 ± 40 469 ± 38
Absolute organ weights
Liver (g) 12.4 ± 1.4 13.1 ± 1.7 13.3 ± 1.6 13.6 ± 1.5
Kidneys (g) 3.12 ± 0.44 3.3 ± 0.27 3.25 ± 0.42 3.25 ± 0.27
Adrenal Glands (g) 0.06 ± 0.005 0.059 ± 0.006 0.055 ± 0.008 0.056 ± 0.009
Pituitary Gland (mg) 12.2 ± 2 10.3 ± 4.8 11.2 ± 2.5 13.1 ± 1.9
Testes (g) 3.47 ± 0.28 3.44 ± 0.52 3.43 ± 0.18 3.36 ± 0.58
Epididymides (g) 1.53 ± 0.12 1.46 ± 0.2 1.5 ± 0.16 1.43 ± 0.24
Organ weights relative to body weight
Liver 26.2 ± 2.3 26.8 ± 2.0 27.4 ± 2.9 29.1 ± 2.6
Kidneys 6.6 ± 0.62 6.73 ± 0.32 6.66 ± 0.69 6.96 ± 0.66
Adrenals 0.13 ± 0.02 0.12 ± 0.02 0.11 ± 0.02 0.12 ± 0.02
Pituitary 0.26 ± 0.05 0.21 ± 0.08 0.23 ± 0.05 0.28 ± 0.03
Testes 7.39 ± 0.79 7.04 ± 1.04 7.09 ± 0.78 7.19 ± 1.33
Epididymides 3.25 ± 0.33 2.99 ± 0.41 3.09 ± 0.46 3.04 ± 0.47

Females
Terminal BdW (g) 272 ± 19 266 ± 24 270 ± 32 279 ± 26
Absolute organ weights
Liver (g) 7.74 ± 1.1 8.15 ± 1.00 8.31 ± 2.01 9.29 ± 1.45*
Kidneys (g) 1.85 ± 0.22 1.99 ± 0.21 1.94 ± 0.21 2.03 ± 0.22
Adrenal Glands (g) 0.068 ± 0.011 0.074 ± 0.012 0.067 ± 0.011 0.077 ± 0.005
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Table 3 (continued)

Nominal Dose Level (mg/kg bw/day)

0 20 40 80

Pituitary Gland (mg) 16.0 ± 4.1 17.1 ± 5 19.4 ± 3.2 15.8 ± 3.6
Ovariesa (g) 0.11 ± 0.02 0.12 ± 0.03 0.1 ± 0.01 0.12 ± 0.01
Uterus (g) 1.12 ± 0.43 0.85 ± 0.21 0.91 ± 0.38 0.97 ± 0.63
Organ weights relative to body weight
Liver 28.4 ± 3.19 30.8 ± 3.5 30.5 ± 3.8 33.3 ± 3.8**
Kidneys 6.81 ± 0.75 7.52 ± 1 7.21 ± 0.34 7.29 ± 0.69
Adrenals 0.25 ± 0.04 0.28 ± 0.04 0.25 ± 0.04 0.28 ± 0.03
Pituitary 0.59 ± 0.15 0.64 ± 0.19 0.72 ± 0.1 0.57 ± 0.12
Ovaries 0.42 ± 0.08 0.46 ± 0.1 0.36 ± 0.06 0.43 ± 0.06
Uterus 4.19 ± 1.79 3.23 ± 0.96 3.36 ± 1.36 3.56 ± 2.54

SD, standard deviation; BdW, body weight
*p < 0.05, Dunn 2-sided test
**p < 0.05, Dunnett 2-sided test

a With oviducts
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(Brändli‐Baiocco et al., 2018). Therefore, evaluation of the low and
middle dose animals was not performed.

All other microscopic findings were unrelated to administration of
β‐ionone epoxide and have been observed in the age and strain of rats
used in this study (McInnes, 2012; Percy and Barthold, 2007;
Sugimoto et al., 2000).
Estrus cyclicity

The mean cycle length and number of cycles for the rats over the
course of each 2‐week period did not differ from control for any of
the test substance‐treated groups and did not change appreciably over
the course of the study (Table 4). All animals appeared to cycle nor-
mally except for one high‐dose female that maintained persistent dies-
trus for 11 of the 14 days during Weeks 6–7 and one mid‐dose female
that remained in persistent estrus for 8 of the 14 days during Weeks
12–13 with no consistent cycling. These were considered incidental
Table 4
Mean estrus cycle length and number cycles in female Sprague-Dawley rats (n = 10

Nominal Dose Level (mg/kg bw/day

0

Weeks 6–7
Mean cycle length 4.3
Number of cycles 2.5

Weeks 12–13
Mean cycle length 4.1
Number of cycles 2.4

Table 5
Meana (±SD) sperm motility, epididymal count, homogenization-resistant sperm co
ionone epoxide in the diet for 90 days.

Nominal Dose Level (mg/kg bw/day)

0

Sperm motility (%) 94 ± 5
Epididymal count (106 sperm/g) 1200 ± 188
HRS count (106 sperm/g) 114 ± 30
Sperm morphology
(% abnormal) 1.4 ± 0.6

SD, standard deviation; HRS, homogenization-resistant sperm
a Values reported for Day 91
b n = 9
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findings, unrelated to test substance exposure. Vaginal cytology in
treated rats was similar to that of controls.
Sperm analysis

No test substance‐related findings were noted for sperm motility,
epididymal sperm count, homogenization‐resistant sperm count or
percent abnormal sperm. Motility and count values were, in general,
high across all test and control groups and percent abnormal sperm
was generally very low (Table 5). One high‐dose male had no sperm
present for motility analysis and consequently very low count values
(epididymal and homogenization‐resistant) as well as too few sperm
available for morphological evaluation. These were attributed to testes
and epididymis that were very small and likely under‐developed. Mor-
phological abnormalities observed included amorphous heads, small
heads, coiled tails, bent tails and one instance of one sperm with inner
tail tubules exposed through the outer tail sheath. These abnormalities
) fed β-ionone epoxide in the diet for 90 days.

)

20 40 80

4.3 4.2 4.3
2.8 2.4 2.4

4.1 4.1 4.4
2.3 2.5 2.4

unt and percent abnormal sperm in male Sprague-Dawley rats (n = 10) fed β-

20 40 80b

95 ± 3 91 ± 14 96 ± 2
1191 ± 337 1129 ± 200 1213 ± 262
101 ± 21 112 ± 26 122 ± 19

1.2 ± 0.3 1.5 ± 0.8 1.7 ± 1.4
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were observed equally across all groups and were not attributed to
administration of β‐ionone epoxide.
Discussion

β‐Ionone epoxide is a substance that occurs naturally in several
types of common foods and is one of several flavoring substances
belonging to the group of epoxides that have been evaluated for their
safety by regulatory agencies and other expert scientific bodies. It is
also used as a fragrance for its fruity, raspberry‐like aroma.

β‐Ionone epoxide has undergone safety evaluation by EFSA and in
the first stage of evaluation, it was determined to have no genotoxicity
potential. The subchronic toxicity study presented here was performed
in response to EFSA’s request for toxicity data to complete the second
stage of safety evaluation which is based on the availability of an ade-
quate NOAEL. In this study, β‐ionone epoxide was tested according to
OECD guidelines at a dose range sufficiently broad for the derivation
of a NOAEL. At the time of this publication, the EFSA safety evaluation
of β‐ionone epoxide was ongoing.

There were no mortalities in this study and no differences between
animals maintained on a diet containing β‐ionone epoxide compared
to control animals (maintained on identical diet without the test sub-
stance) in any parameter examined, including clinical observations,
ophthalmological, body weight, body weight gain, food consumption
or food efficiency; hematology and coagulation parameters; and serum
chemistry and urinalysis values. The few slight changes observed in
high‐dose females, such as decreased prothrombin time, specific grav-
ity, urine protein, increased triglyceride levels and urine volume,
although statistically significant, were not considered adverse effects
of β‐ionone epoxide, since all were within the laboratory’s historical
control range and had no clinical or histopathological correlate.

There were no organ weights changes, no macroscopic findings due
to β‐ionone epoxide administration and no adverse findings in histo-
logical examination observed in males treated with of β‐ionone epox-
ide. Cortical vacuolation of adrenal zona fasciculata observed in high‐
dose males was of non‐degenerative nature and was considered non‐
adverse. Similarly, in the absence of correlating hepatic histopatholog-
ical findings, an increase in absolute liver weight and relative liver
weight observed in high‐dose females was not considered adverse.

Based on the structural similarity of β‐ionone epoxide with other
alicyclic epoxides, the plasma levels likely remained low, as it is
expected to be hydrolyzed to the corresponding diol and eliminated
rapidly in the urine as glucuronide or sulphate conjugates. Generally,
orally administered epoxides of cyclic hydrocarbons are subject to acid
and alkaline hydrolysis of the oxirane ring (epoxide ring) to the corre-
sponding diols, almost entirely within 3 h in the gastrointestinal tract,
as shown in kinetic studies with cyclohexene oxide, a structurally
related compound (Sauer et al., 1997). Only the corresponding diols
of orally administered cyclohexene oxide (at doses up to 100 mg/kg
bw) but not the intact epoxide were detected in plasma (Sauer et al.,
1997). Most of the administered dose of cyclohexene (73–93%) was
eliminated in urine within 48 h primarily as diol conjugates with glu-
curonic acid or sulfate (Sauer et al., 1997; van Bladeren et al., 1981).
The efficient elimination and low systemic half‐life of this related
epoxide are consistent with the absence of adverse effects of β‐
ionone epoxide in the present study at the dietary levels tested.

Endpoints of reproductive function were also included in this sub-
chronic study for β‐ionone epoxide to generate relevant data that were
lacking in the toxicological database for fragrance and flavoring sub-
stances belonging to the group of epoxides. Male and female reproduc-
tive function parameters were evaluated in the same groups of
animals. The administration of β‐ionone epoxide in the diet did not
influence estrus cycle pattern in females, based on mean estrus cycle
length and the number of cycles assessed in two intervals during the
study (Weeks 6–7 or 12–13). No effects on male reproductive
200
parameters could be found from dietary intake of β‐ionone epoxide,
based on sperm morphology, epididymal sperm count,
homogenization‐resistant spermatid count and motility measurements.

Together with previous data on rapid metabolism and elimination
and absence of genotoxicity, this study provided the requested addi-
tional data on the toxicological profile of β‐ionone epoxide appropriate
for the derivation of a NOAEL.

Conclusions

Under the conditions of the study and based on the toxicological
endpoints evaluated, the NOAEL for administration of β‐ionone epox-
ide in the diet for 90 days was determined to be greater than the high-
est dose tested of 80 mg/kg bw/day in both male and female Sprague‐
Dawley rats. Additionally, no effects on male or female reproductive
parameters (estrus cyclicity or sperm morphology, count and motility)
were observed up to the highest dose tested.
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