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PREFACE

The monographs contained in this volume were prepared at the sixty-third
meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA),
which met at WHO Headquarters in Geneva, Switzerland, 8—17 June 2004. These
monographs summarize the safety data on selected food additives reviewed by
the Committee.

The sixty-third report of JECFA has been published by the World Health
Organization as WHO Technical Report No. 928. Reports and other documents
resulting from previous meetings of JECFA are listed in Annex 1. The participants
in the meeting are listed in Annex 3 of the present publication; a summary of the
conclusions of the Committee is given in Annex 4. Some of the substances listed
in Annex 4 were evaluated at the meeting only for specifications. Annex 5 contains
a summary of the safety evaluation of secondary components for flavouring agents
with minimum assay values of less than 95%.

Specifications that were developed at the sixty-third meeting of JECFA have
been issued separately by FAO as Food and Nutrition Paper, No. 52, Addendum
12. The monographs in the present publication should be read in conjunction with
the specifications and the report.

JECFA serves as a scientific advisory body to FAO, WHO, their Member States,
and the Codex Alimentarius Commission, primarily through the Codex Committee
on Food Additives and Contaminants and the Codex Committee on Residues of
Veterinary Drugs in Foods, regarding the safety of food additives, residues of vet-
erinary drugs, naturally occurring toxicants and contaminants in food. Committees
accomplish this task by preparing reports of their meetings and publishing specifi-
cations or residue monographs and toxicological monographs, such as those
contained in this volume, on substances that they have considered.

The toxicological monographs contained in the volume are based on working
papers that were prepared by Temporary Advisers. A special acknowledgement is
given at the beginning of each monograph to those who prepared these working
papers.

Many proprietary unpublished reports are unreferenced. These were voluntarily
submitted to the Committee by various producers of the food additives under
review, and in many cases represent the only data available on those substances.
The Temporary Advisers based the working papers they developed on all the
data that were submitted, and all of these reports were available to the Committee
when it made its evaluation. The monographs were edited by H. Mattock, lllkirch-
Graffenstaden, France.

The preparation and editing of the monographs included in this volume were
made possible through the technical and financial contributions of the Participating
Organizations of the International Programme on Chemical Safety (IPCS), which
supports the activities of JECFA.

The designations employed and the presentation of the material in this publica-
tion do not imply the expression of any opinion whatsoever on the part of the
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organizations participating in the IPCS concerning the legal status of any country,
territory, city, or area or its authorities, or concerning the delimitation of its frontiers
or boundaries. The mention of specific companies or of certain manufacturers’
products does not imply that they are endorsed or recommended by the organiza-
tions in preference to others of a similar nature that are not mentioned.

Any comments or new information on the biological or toxicological properties
of the compounds evaluated in this publication should be addressed to: Joint WHO
Secretary of the Joint FAO/WHO Expert Committee on Food Additives, Interna-
tional Programme on Chemical Safety, World Health Organization, Avenue Appia,
1211 Geneva 27, Switzerland.



FOOD ADDITIVES






a-CYCLODEXTRIN (addendum)
First draft prepared by
Professor R. Kroes', Dr P. Verger? and Dr J.C. Larsen’®

! Institute for Risk Assessment Sciences, Utrecht University,
Soest, Netherlands;

2Food risk analysis methodologies, National Institute for
Agricultural Research/National Institute for Agriculture Paris-Grignon,
Paris, France; and

3 Division of Toxicology and Risk Assessment, Danish Institute of Food
and Veterinary Research, Soborg, Denmark

Do) = L = o] o S
Biological data....
Biochemical aspects: absorption, distribution,
metabolism, and excretion............ccccoeevcvveeeecieeciineens
Toxicological StUAIES .........ceeeeiiuiiieiiiee e
Special StUAIES. .......cooiiiiiiiiiee e
Skin irritation and/or sensitization ..
Skin irritation and corrosion ...........
Ocular irritation ...
Cell membrane and intestinal permeability...........
Digestibility in VIitro ..........ccccooiiiiiiiiis
Interaction with the absorption of lipophilic
NUEMENTS ..o
Interaction with the absorption of minerals.
IMPUNtIES ..ooeeeeee e
Observations in humans ...........ccocveiiienicicenc e
Studies in human volunteers...........ccccoeevvenerccneneenne.
Digestibility in humans...........c.ccoooiiiiiniiiiee
Attenuation by o-cyclodextrin of the glycaemic
response to food containing starch...........cc..........
INTAKE ..o
Comments ..
Evaluation ......
ReferencCes ..o

AW

[o)0Né; IN6 & &) B, B NN N

o 00 00 ~NO O™

W wwooo

—_ -

1. EXPLANATION

o-Cyclodextrin  (synonyms: cyclohexaamylose, cyclomaltohexaose, o-
Schardinger dextrin) is a non-reducing cyclic saccharide comprising six glucose
units linked by o-1,4 bonds. a-Cyclodextrin was evaluated by the Committee at its
fifty-seventh meeting (Annex 1, reference 154), when the Committee concluded
that, on the basis of the results of available studies with o-cyclodextrin and with
the structurally related compounds B-cyclodextrin (seven glucose units) and y-
cyclodextrin (eight glucose units), for which acceptable daily intakes (ADIs) had
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been allocated, there was sufficient information to allocate an ADI ‘not specified’
for o-cyclodextrin.

At its fifty-seventh meeting, the Committee evaluated o-cyclodextrin on the
basis of known uses under good manufacturing practice as a carrier and stabilizer
for flavours, colours, and sweeteners, as a water-solubilizer for fatty acids and
certain vitamins, as a flavour modifier in soya milk, and as an absorbent in con-
fectionery. The annular (doughnut-shaped) structure of a-cyclodextrin provides a
hydrophobic cavity that allows the formation of inclusion complexes with a variety
of non-polar organic molecules of appropriate size, while the hydrophilic nature of
the outer surface of the cyclic structure causes such complexes to be soluble in
water. a-Cyclodextrin is produced by the action of cyclodextrin glucosyltransferase
and may contain residues of 1-decanol, which is used in the purification
process.

At its present meeting, the Committee evaluated o-cyclodextrin for use as a
food ingredient, suggested by the manufacturer to be a dietary fibre. It is stressed
that the Committee only evaluated the safety of the estimated intake of a-cyclo-
dextrin resulting from the proposed use levels. The Committee did not assess the
efficacy of a-cyclodextrin used as a dietary fibre.

2. BIOLOGICAL DATA

2.1 Biochemical aspects: absorption, distribution, metabolism,
and excretion

The biochemical aspects related to absorption, distribution, metabolism and
excretion were described in the previous monograph (Annex 1, reference 154),
and no new relevant data in animals were available. o-Cyclodextrin, like B-cyclo-
dextrin, is not digested in the gastrointestinal tract but is fermented by the intestinal
microflora. In germ-free rats, a-cyclodextrin is almost completely excreted in the
faeces, while y-cyclodextrin is readily digested to glucose by the luminal and/or
epithelial enzymes of the gastrointestinal tract. Overall, studies indicate that o-
cyclodextrin can be absorbed intact at a level of approximately 1% from the small
intestine. Absorbed intact o-cyclodextrin is excreted rapidly in the urine (Van
Ommen & de Bie, 1995). All the nondigested and non-absorbed o-cyclodextrin
reaches the microbially colonized segments of the gut, where the a-cyclodextrin
ring is readily opened by microbial enzymes (certain amylases and cyclodextri-
nase). The resulting linear malto-oligosaccharides are then further hydrolysed
and fermented via well established metabolic pathways to short-chain fatty acids
(Antenucci & Palmer, 1984). Absorption of the metabolites of a-cyclodextrin
leads to slow removal, mainly in exhaled carbon dioxide (CO,) or in the urine (Van
Ommen & de Bie, 1995).

22 Toxicological studies

No new data on toxicology in animals treated orally became available since
the recent evaluation of a-cyclodextrin (Annex 1, reference 154). The Committee
concluded that the acute toxicity of a-cyclodextrin was low, but when given by the
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intraperitoneal or intravenous route it can cause ‘osmotic nephrosis’ (also described
in the literature as ‘resorptive vacuolization’) at high doses, which may lead to renal
failure. The results of short-term (28- and 90-day) studies of toxicity indicated that
o-cyclodextrin has little effect when given orally to rats or dogs. After administration
of a very high concentration of a-cyclodextrin in the diet (20%, corresponding to
a dose of 13.9g/kgbw per day in rats and 10.4 g/kgbw per day in dogs), caecal
enlargement and associated changes were seen in both species. This effect is
likely to result from the presence of a high concentration of an osmotically active
substance in the large intestine. No studies of intravenous administration were
available to permit a comparison of the systemic toxicity of this compound with
that of B- and y-cyclodextrin.

Studies in mice, rats, and rabbits given a-cyclodextrin at concentrations of up
to 20% in the diet (corresponding to doses of 49.3, 20 and 5.6-7.5g/kgbw per
day, respectively) did not indicate any teratogenic effects. Similarly, the results of
assays for genotoxicity were negative. No long-term studies of toxicity, carcino-
genicity, or reproductive toxicity have been conducted with o-cyclodextrin, but at
its fifty seventh meeting (Annex 1, reference 154) the Committee concluded that,
given the known fate of this compound in the gastrointestinal tract, such studies
were not required for an evaluation.

2.2.1 Special studies
(a) Skin irritation and/or sensitization

The potential of a-cyclodextrin to induce cutaneous delayed hypersensitivity
was examined in guinea-pigs (a control group of five animals of each sex and a
treated group of 10 animals of each sex), which were induced in two steps. First,
a 3% solution of a-cyclodextrin with Freund complete adjuvant was injected intra-
dermally. The controls received water with or without Freund complete adjuvant.
One week later, a 30% dilution of a-cyclodextrin in vaseline was applied topically
(controls received vaseline only). After two more weeks, a challenge treatment was
made by topically applying vaseline with 0% (control), 10% or 30% o.-cyclodextrin.
The challenge treatment did not provoke signs of hypersensitivity (erythema,
oedema) at 24 or 48h after the challenge. It was concluded that a-cyclodextrin is
not a sensitizer (Prinsen, 1992).

(b)  Skin irritation and corrosion

The potential of o-cyclodextrin to induce dermal irritation and corrosion was
examined in three albino rabbits. A mixture of a-cyclodextrin (0.5g) with water
(0.3g) was applied to the shaven skin for 4 h. Skin irritation scores were recorded
at 1, 24, 48 and 72h after removal of the test material. No sign of skin irritation
were observed at any time in any animal (Prinsen, 1991a).

(c¢) Ocular irritation

To examine potential ocular irritation, 0.062 g of a-cyclodextrin was instilled as
a dry powder in the conjunctival cul-de-sac of the right eye of three albino rabbits.
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The reaction was examined at 1, 24, 48 and 72h and 7 and 14 days after admin-
istration. Different signs of acute ocular irritation were seen starting at 1h after
treatment. At 7 days after treatment, eye effects had cleared completely in one
rabbit, whereas ischaemic necrosis of the nictitating membrane, slight redness and
slight swelling of the conjunctivae were still observed in the other two rabbits. At
14 days after treatment, these eye effects had also cleared completely. It was
concluded that dry o-cyclodextrin powder is irritating but not corrosive to the eye
(Prinsen, 1990). Two groups of three rabbits received o-cyclodextrin in solution
(7.25% and 14%, w/v), instilled in the conjunctival cul-de-sac of the right eye. The
ocular reactions were examined after 1, 24, 48 and 72h. The treatments caused
slight redness and slight swelling of the conjunctivae in some animals. All eye
effects had cleared completely at 24 h after treatment. It was concluded that solu-
tions of a-cyclodextrin are not irritating and not corrosive to the eye (Prinsen,
1991b).

(d) Cell membrane and intestinal permeability

Effects on the cell membrane and on intestinal permeability were described in
the previous evaluation of a-cyclodextrin (Annex 1, reference 154). In vitro, o-
cyclodextrin, like B-cyclodextrin, sequestered components of the membranes of
erythrocytes, causing haemolysis. The threshold concentration for this effect was,
however, higher than that observed for B-cyclodextrin. Similarly, of the three cyclo-
dextrins a-cyclodextrin had the smallest effect on absorption in situ in rats.

(e) Digestibility in vitro

Early experiments on the digestibility of cyclodextrins by amylases in vitro
demonstrated that pancreatic juice of dogs does not cleave a-cyclodextrin (Karrer,
1923) and that salivary amylase leaves o-cyclodextrin intact, hydrolyses -
cyclodextrin only very slowly, but hydrolyses y-cyclodextrin at a rate of about 1%
that for starch. At that time, o-cyclodextrin was called ‘diamylose’ and ‘tetraamy-
lose’ (French, 1957). Recent studies in vitro showed that human salivary amylase,
like human or porcine pancreatic amylases, are unable to hydrolyse o-cyclodextrin
and B-cyclodextrin to any measurable extent, but readily hydrolyse y-cyclodextrin
(Marshall & Miwa, 1981; Kondo et al., 1990; McCleary, 2002).

(f)  Interaction with the absorption of lipophilic nutrients

It has been demonstrated that the solubility of retinol acetate and vitamin K1
in water is higher in the presence of a-cyclodextrin (Pitha, 1981).

a-Cyclodextrin is known not to form complexes with vitamin D or vitamin E
(Pitha, 1981).
(g) Interaction with the absorption of minerals

The possibility that the absorption of vitamins and minerals might be impaired
by the consumption of increased amounts of dietary fibre has been addressed in
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several reviews (e.g. Kelsay, 1990; Rossander et al., 1992; Gorman & Bowman,
1993; Gordon et al., 1995). Invariably it was concluded that dietary fibre, at recom-
mended levels of intake, does not adversely affect the vitamin and mineral status
of the average consumer. For resistant starch this was demonstrated recently in
a study in which rats and pigs received diets with 6% native starch or retrograded
high-amylose starch. The ingestion of the resistant starch did not significantly af-
fect the absorption or retention of calcium, phosphorus, magnesium or zinc (De
Schrijver et al., 1999). In addition, the low viscosity of a-cyclodextrin and its
lack of anionic or cationic groups, make it unlikely that the absorption of minerals
from the small intestines would be impaired.

(h)  Impurities

The enzyme cyclodextrin-glycosyl transferase, which is used in the production
of a-cyclodextrin, is derived from a non-genotoxic, non-toxigenic source and is
completely removed during the purification of a-cyclodextrin (Annex 1, reference
154).

1-Decanol is used as complexant for the precipitation of o-cyclodextrin. 1-
Decanol has been used as a flavour for many years (estimated intake, 7—28 g/
person per day) and has been evaluated previously by the Committee (Annex 1,
reference 132). No data are available on the absorption, distribution, metabolism
and excretion of 1-decanol; however, it is generally assumed that ingested aliphatic
primary alcohols are absorbed and oxidized to the corresponding aldehyde, which
is then rapidly oxidized to the acid. Acids with an even number of carbons are
metabolized via 3-oxidation to acetyl-coenzyme A, which then enters the citric acid
cycle (Annex 1, reference 132).

The safety of 1-decanol has been examined in studies of genotoxicity, acute
oral toxicity and embryotoxicity and teratogenicity (inhalation and oral administra-
tion). An assay for gene mutation with B. subtilis H17 (rec*) and M45 (rec”) using
17ug of 1-decanol per disk yielded a negative result (Oda et al., 1978, cited in
Annex 1, reference 132).

The acute oral toxicity of 1-decanol was examined in two studies in rats. Median
lethal doses (LDs) of >5 and 12.8g/kgbw were reported (Henkel, K.G.A., un-
published data, Archive No 281; Béar & Griepentrog, 1967). In mice, a LDs, of
6.5g/kgbw was observed. In a study of embryotoxicity and teratogenicity in
Sprague-Dawley rats, the dams were exposed to 1-decanol by inhalation
(100mg/m®; 6h per day) on days 1-19 of gestation. No maternal toxicity was
observed. The reproductive outcome (number of resorptions, litter size, fetal
weights) was not adversely affected by the treatment, and there were no signs of
fetotoxicity or teratogenicity (Nelson et al., 1990).

In a study of embryotoxicity and teratogenicity, unspecified random-bred albino
rats were given a series of primary alcohols, including 1-decanol, by oral adminis-
tration. A group of 10 female rats received daily doses of 1-decanol of 400mg
(equal to 2g/kgbw per day) mixed with 600 mg of water by gavage on days 1-15
of gestation. A control group of 20 rats received 1 ml of water per day by gavage.
No signs of maternal toxicity were reported. Pre- and postimplantation losses were
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significantly increased with 1-decanol, but size and weight of the fetuses was not
impaired. No teratogenic activity was observed. It was concluded that all the
primary alcohols (C1, C2, C4, C9, C10) tested increased the number of pre- and
postimplantation losses. 1-Decanol and nonanol were clearly less active than
ethanol or methanol. Retardation of fetal development was observed with all the
alcohols tested, except 1-decanol. None of the alcohols tested had teratogenic
activity (Barilyak et al., 1991).

2.3 Observations in humans
2.3.1 Studies in human volunteers

In an early study of the metabolism of a-cyclodextrin, two patients with type-2
diabetes received 50g of a-cyclodextrin of unknown purity per day. The substance
was given with a low-carbohydrate diet. Nausea was noted in one subject on one
out of two experimental days, about 10—-12min after ingestion. Other side-effects
did not occur. The authors attributed this effect to an (unknown) impurity rather
than to o-cyclodextrin itself (Von Hoesslin & Pringsheim, 1923).

In a subsequent series of experiments, a preparation of purified cyclodextrin
(consisting mainly of a-cyclodextrin with some - and y-cyclodextrin) was given at
a dose of 50 to 100g/day. Some, but not all, volunteers (proportion not specified)
reported nausea and, occasionally, diarrhoea. Urine analyses of four diabetic
patients (two of whom were presumably type-1 diabetics) were presented and
demonstrated that ingestion of the cyclodextrin preparation did not lead to an ele-
vation of urinary glucose excretion, as was seen after the ingestion of bread (Von
Hoesslin & Pringsheim, 1927).

The gastrointestinal tolerance of a-cyclodextrin was examined in 12 healthy
male volunteers in the context of a study on its glycaemic effects. A single bolus
dose of a-cyclodextrin of 25¢g (dissolved in 250ml of water) was administered to
men who had fasted overnight. One man reported diarrhoea and three others
reported abdominal discomfort. These effects were rated as ‘mild’ and did not
prevent the volunteers from further participation in the study.

The ingestion of 10g of a-cyclodextrin (dissolved in 250 ml of water) together
with 100 g of fresh white bread was not associated with any intestinal side-effects
in any of the men (Diamantis & Bér, 2002).

2.3.2 Digestibility in humans

In ileostomic subjects, more than 90% of an oral dose of B-cyclodextrin may
be recovered from the ileal effluent (Flourie et al., 1993). B-Cyclodextrin and -
cyclodextrin are similarly resistant to the hydrolytic action of pancreatic amylase
in vitro; it is therefore expected that the digestibility of a-cyclodextrin in vivo is as
low as that of B-cyclodextrin. Direct proof for the low degree of digestibility of o-
cyclodextrin stems from a study in which 12 healthy male volunteers received
single doses of 25¢ of a-cyclodextrin, 50g starch (in the form of about 100g of
white bread), and a mixture of 50 g of starch and 10g of a-cyclodextrin. Blood was
collected at regular intervals over a period of 3h for analysis of glucose and insulin.
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Whereas the ingestion of 509 of starch produced the expected rise in blood con-
centrations of glucose and insulin, no significant increase in blood concentrations
of glucose and insulin was noted after the intake of 25g of a-cyclodextrin
(Diamantis & Bar, 2002).

Two diabetic subjects were given a-cyclodextrin (of unknown purity) at a dose
of 50g/day with a low-carbohydrate diet. No increase in urinary glucose excretion
was observed, in contrast to that observed after consumption of 50 g of white bread
(Von Hoesslin & Pringsheim, 1923). Similar results were noted in diabetic patients
(including at least two type-1 diabetics) receiving mixed cyclodextrins (consisting
mainly of o-cyclodextrin with some B- and y-cyclodextrin) at a daily dose of 50
to100g (Von Hoesslin & Pringsheim, 1927).

2.3.3 Attenuation by a-cyclodextrin of the glycaemic response to food
containing starch

Diamantis & Béar (2002) examined the ability of a-cyclodextrin to reduce the
glycaemic index. Twelve healthy male volunteers received, on separate days after
overnight fasting, single doses of 25g of a-cyclodextrin, 50 g of starch (in the form
of about 100g of fresh white bread) and a mixture of 509 of starch (bread) and
10g of a-cyclodextrin. Capillary blood was collected in regular intervals over a
period of 3h for analysis of glucose and insulin. The consumption of 509 of starch
produced the expected rise in blood concentrations of glucose and insulin. In
contrast, no significant increase in blood concentrations of glucose and insulin was
noted after the intake of 259 of a-cyclodextrin. After intake of starch (bread) with
a-cyclodextrin, the glycaemic and insulinaemic responses were delayed and
reduced by 55% compared with those observed after intake of starch (bread) only.
Similar observations were made with certain other types of soluble dietary fibre
(Bér, 2004).

While only a few studies with a-cyclodextrin in humans are available, studies
on other carbohydrates of low digestibility (such as inulin, fructooligosaccharides,
polydextrose, resistant (malto)dextrins and other oligosaccharides) provide addi-
tional information. The largest number of studies is probably available for fructoo-
ligosaccharides and inulin. In a review of the safety data on fructans, including
data on intestinal tolerance in children and adults (Carabin & Flamm, 1999), it was
concluded that abdominal complaints would occur in adults after a single dose of
>20g. Children of school age tolerated supplementation of the diet with fructooli-
gosaccharides at a level of 3-9g (single dose). Ingestion of a single dose of 10g
of a-cyclodextrin (dissolved in 250 ml of water) together with 100g of fresh white
bread was not associated with any intestinal side-effects.

3. INTAKE

At its fifty-seventh meeting (Annex 1, reference 154), the Committee estimated
the potential intake of a-cyclodextrin from its known food uses. The predicted mean
intake of a-cyclodextrin by consumers, based on individual dietary records for the
USA and proposed maximum levels of use in a variety of foods, was 1.7 g/person
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per day. For consumers at the 90th percentile of intake, the predicted daily intake
of a-cyclodextrin was 3g per person.

The intended use levels of a-cyclodextrin from its proposed new use as an
ingredient in a number of food products range from a maximum of 10g/kg in non-
alcoholic beverages to a maximum of 100g/kg in bakery products.

Assuming that o-cyclodextrin would be added to all possible food categories
at the maximum proposed use levels and using the data on ‘European diet’ food
consumption in the Global Environment Monitoring System — Food Contamination
Monitoring and Assessment Programme (GEMS/Food) database, the Committee
calculated a total intake of a-cyclodextrin of 65g/person per day (see Table 1).
This estimate is very conservative since it is unlikely that a-cyclodextrin would be
consumed simultaneously from all sources on a regular basis.

An intake assessment was provided by Australia and New Zealand based on
a national 1-day recall survey. It was assumed that o-cyclodextrin would be present
at the highest proposed concentrations in all foods for which use was intended.
The average dietary intake from intended uses was estimated to be 16 g/person
per day and the 95th percentile of intake was estimated to reach 37g.

In order to estimate the potential intake of o-cyclodextrin in a single eating
occasion, the Committee used the GEMS/Food ‘large portion’ database, which
contains the highest figures for 97.5th percentile consumption (eaters only) reported
in national surveys. The highest estimated potential ingestion of a-cyclodextrin per
eating occasion is between 19 and 38 g for bread only, depending on the proposed
use level.

Table 1. Simulation of exposure to a-cyclodextrin using the European GEMS/
Food? diet

Maximum Mean food Exposure % of total
proposed consumption (g/day) exposure
use level (g/day)
(9/kg)
Cereals 50-100 222 11-22 16-32
Sugar 150 107 16 23
Margarine 200 17 3.4 5
Stimulant 0.088 14 0.0012 —
Milk 25 336 8.4 12
Nonalcoholic beverage 10 1500* 15 21
Total 65

2 Global Environment Monitoring System — Food Contamination Monitoring and
Assessment Programme.

® Consumption for soft drinks is not available in the GEMS/Food database; therefore, this
figure is an estimate.
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4. COMMENTS

Only small quantities (1% or less of the administered dose) of intact o-cyclo-
dextrin are absorbed from the small intestine. Absorbed a-cyclodextrin is rapidly
excreted in the urine. a-Cyclodextrin, like B-cyclodextrin, is not digested in the
gastrointestinal tract but is fermented to short-chain fatty acids by the intestinal
microflora. These fatty acids are absorbed, oxidized, and eliminated largely as
exhaled CO.,.

o-Cyclodextrin is not hydrolysed by human salivary and pancreatic amylases
in vitro. Indirect proof that a-cyclodextrin is not digested in humans is drawn from
experiments showing that the intake of 25g of a-cyclodextrin does not lead to an
increase in blood concentrations of glucose and insulin.

The results of short-term (28- and 90-day) studies of toxicity indicate that o-
cyclodextrin has low oral toxicity in rats and dogs. After administration of o-cyclo-
dextrin at a very high concentration in the diet (20%, corresponding to a dose of
13.9g/kgbw per day in rats and 10.4 g/kgbw per day in dogs), caecal enlargement
and associated changes were seen in both species. This effect is likely to result
from the presence of a high concentration of an osmotically active substance in
the large intestine.

Studies of embryotoxicity and teratogenicity in mice, rats, and rabbits fed diets
containing a-cyclodextrin at a concentration of up to 20% (corresponding to a dose
of 49.3g/kgbw per day in mice, 20 g/kgbw per day in rats, and 5.9-7.5g/kgbw per
day in rabbits) did not indicate any adverse effects.

o-Cyclodextrin is neither an irritant nor a sensitizer after dermal application.

o-Cyclodextrin showed no effects in assays for genotoxicity in vitro and in vivo.
No long-term studies of toxicity, carcinogenicity, or reproductive toxicity have been
conducted with o-cyclodextrin, but the Committee reiterated its conclusion from
the fifty-seventh meeting (Annex 1, reference 154), stating that such studies were
not required for the evaluation, in view of the known fate of this compound in the
gastrointestinal tract.

It is possible that the potential interaction of o-cyclodextrin with lipophilic nutri-
ents might impair their absorption. Although this has not been studied specifically
for a-cyclodextrin, such an effect was considered to be unlikely by analogy to the
results of studies with B-cyclodextrin. Complexes between fat-soluble vitamins and
B-cyclodextrin have been shown to have a greater bioavailability than uncom-
plexed forms. In this context, o-cyclodextrin is known to enhance the solubility of
retinol acetate and vitamin K1 in water, but does not form complexes with vitamin
D and vitamin E.

It is also considered unlikely that the consumption of large amounts of a-cyclo-
dextrin would impair the absorption of minerals, since it is known that the ingestion
of resistant starch does not significantly affect the absorption or retention of
calcium, phosphorus, magnesium or zinc. Moreover, a-cyclodextrin is of low vis-
cosity, and its chemical structure lacks anionic or cationic groups.
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A few studies in human volunteers indicate that flatulence, bloating, nausea
and soft stools may occur in some individuals upon ingestion of o-cyclodextrin at
a high dose. This is a well-known phenomenon for carbohydrates of low digestibil-
ity, particularly if ingested in liquid form on an empty stomach. It is partly caused
by an influx of water in the small intestine (achieving isotonicity) and partly by the
ensuing fermentation process in the more distal parts of the gut. Mild abdominal
discomfort occurred in four out of twelve men, who had fasted overnight, given a
single dose of 259 of a-cyclodextrin in water, while no effects were reported after
administration of 10g of a-cyclodextrin in water together with white bread. In
studies with other carbohydrates of low digestibility, such as inulin, fructooligosac-
charides, polydextrose, resistant (malto)dextrins and other oligosaccharides,
abdominal complaints were reported after a single dose of >20g in adults, and
children of school age tolerated supplementation of the diet with fructooligosac-
charides at a single dose of 3-9g.

Evaluation of potential impurities

The enzyme cyclodextrin-glycosyl transferase, which is used in the production
of a-cyclodextrin, is derived from a nontoxigenic microorganism. The enzyme is
completely removed from o-cyclodextrin during purification and is therefore of no
safety concern. 1-Decanol, which is used as complexant for the precipitation of o-
cyclodextrin, may be present in the final product at a concentration of <20 mg/kg.
For example, an assumed intake of a-cyclodextrin of 65g/person per day would
correspond to an intake of 1-decanol of <1.3mg/person per day. This is not a safety
concern because 1-decanol is rapidly oxidized in the intestinal mucosa to the cor-
responding fatty acid, which then undergoes B-oxidation.

Intake

At its fifty-seventh meeting (Annex 1, reference 154), the Committee estimated
the potential intake of a-cyclodextrin from known food uses. The predicted mean
intake of a-cyclodextrin by consumers, based on individual dietary records for the
USA and maximum proposed levels of use in a variety of foods, was 1.7 g/person
per day. For consumers at the 90th percentile of intake, the predicted daily intake
of a-cyclodextrin was 3g.

The intended use levels from the proposed new use of a-cyclodextrin as an
ingredient in a number of food products range from a maximum of 10g/kg in non-
alcoholic beverages to a maximum of 100g/kg in bakery products.

Assuming that o-cyclodextrin would be added to all possible food categories
at the maximum proposed use levels, and using the GEMS/Food database,
‘European diet’ food consumption figures, the Committee calculated a total intake
of a-cyclodextrin of 65g/person per day. This estimate is very conservative since
it is unlikely that a-cyclodextrin would be consumed simultaneously from all
sources on a regular basis.

An intake assessment based on a national 1-day recall survey was provided
by Australia and New Zealand. It was assumed that o-cyclodextrin would be
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present at the highest proposed concentrations in all foods for which use
was intended. The average dietary intake from intended uses was estimated to
be 16g/person per day and the 95th percentile of intake was estimated to
reach 37g.

In order to estimate the potential intake of a-cyclodextrin in a single eating
occasion, the Committee used the GEMS/Food ‘large portion’ database, which
contains the highest figures for 97.5th percentile consumption (eaters only) reported
from national surveys. The highest estimated potential ingestion of a-cyclodextrin
per eating occasion is between 19 and 38g for bread only, depending on the
proposed use level.

5. EVALUATION

At its present meeting, the Committee evaluated the safety of a-cyclodextrin
based on its known use as food additive and on its proposed use as food
ingredient.

A very conservative assessment of international exposure to o-cyclodextrin
suggested that intakes could reach 65 g/person per day, while more realistic esti-
mates at a national level suggested that intakes were likely to be 30-50% of this
value. a-Cyclodextrin has been tested in various studies in animals, and no toxicity
was observed at the highest doses tested, which were 10—-100 times higher than
the different estimates of potential intake by humans.

With respect to the previously evaluated use of a-cyclodextrin as a food addi-
tive and the present consideration of a-cyclodextrin as a food ingredient, the
Committee concluded that there were no safety concerns at the proposed use
levels and resulting predicted consumption.

The fact that the ingestion of 220 g of a-cyclodextrin on a single eating occasion
may cause gastrointestinal effects in humans should be taken into account when
considering appropriate levels of use.

The previously established ADI ‘not specified’ for the food additive uses of o-
cyclodextrin as a carrier and stabilizer for flavours, colours, and sweeteners, as a
water-solubilizer for fatty acids and certain vitamins, as a flavour modifier in soya
milk, and as an absorbent in confectionery was retained.
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1. EXPLANATION

Benzoyl peroxide is used as a bleaching agent in flour, in milk for production
of cheeses and in whey from the manufacture of cheeses in which annatto and
carotenoid pigments are present. At its present meeting, the Committee evaluated
the safety of benzoyl peroxide at a maximum concentration of 100 mg per kg used
as a bleaching agent in whey.

—-17-
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At its seventh meeting (Annex 1, reference 7), the Committee evaluated benzoyl
peroxide used as a bleaching agent in flour, and concluded that treatment of flour
with benzoyl peroxide at concentrations of up to 40mg per kg of flour was accept-
able. At that meeting, the Committee noted that when benzoyl peroxide is used as
a bleaching agent in flour, it reacts with oxidizable constituents of the flour and is
almost totally converted to benzoic acid; any remaining traces of benzoyl peroxide
are further reduced during the baking process and converted into benzoic acid.
On this basis, the issues requiring consideration for use of benzoyl peroxide as a
bleaching agent were determined to be the presence of small amounts of benzoic
acid in bread and bakery products, the possible effects of oxidative treatment on
the nutritional value of flour, and the possible formation of harmful substances or
anti-metabolites.

At the fifty-fifth meeting of the Committee (Annex 1 reference 749), the evalu-
ation of the nutritional and toxicological implications of treatment of foods with
benzoyl peroxide, with respect to potential effects on proteins, vitamins, antioxi-
dants and physiologically important lipids, was postponed, owing to lack of
information.

Benzoyl peroxide is manufactured by the reaction of benzoyl chloride, sodium
hydroxide and hydrogen peroxide. During cheese-making or whey-drying, nearly
all (>91%) benzoyl peroxide is converted to benzoic acid.

Concerning residues of benzoic acid, at the forty-first meeting of the Committee
(Annex 1, reference 107) a group acceptable dietary intake (ADI) of 0—-5mg/kgbw
for benzoic acid and its calcium, potassium and sodium salts, benzyl acetate,
benzyl alcohol, benzaldehyde and benzyl benzoate was established, and this was
maintained by the Committee at its forty-sixth meeting (Annex 1, reference 122).
At its fifty-fifth meeting (Annex 1, reference 149), the Committee noted that the
intake of benzoic acid from foods treated with benzoyl peroxide should be consid-
ered together with intake from other dietary sources of benzoates in the group ADI
of 0-5mg/kgbw.

2. BIOLOGICAL DATA
2.1 Biochemical aspects

2.1.1 Absorption, distribution, metabolism, and excretion of
benzoyl peroxide

When benzoyl peroxide is used as a processing aid in food preparation, much
of it is converted to benzoic acid during heat treatment or storage (Annex 1, refer-
ence 7). Absorption of any residual benzoyl peroxide after oral ingestion may
occur; however, most ingested benzoy! peroxide will be converted to benzoic acid
(Nencki & Zaleski, 1899). Any remaining benzoyl peroxide that is absorbed is likely
to be subject to the first-pass effect in the liver and be metabolized.

Chang et al. (1977) demonstrated that 91.7% of "“C-labelled benzoyl peroxide
was converted to ['*C]benzoic acid after reaction with whey; in addition, 7% of the
radiolabel became tightly bound to nondialysable (6.84%) or dialysable (0.6%)
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whey components, and this bound radiolabel was recovered as ['“C]benzoic acid
after hydrolysis with hydrochloric acid (6 mol/l) and extraction. Minor amounts of
hydroxybenzoic acids, phenol and phenyl benzoate were also formed upon reac-
tion of ['“Clbenzoyl peroxide with whey; only a very small amount of unreacted
benzoyl peroxide remained. This investigation verified that residual benzoic acid
in whey after the use of benzoyl peroxide to bleach this foodstuff is an issue to be
considered.

Animals

Benzoyl peroxide may be metabolized by cleavage of the peroxide bond, result-
ing in benzoyloxyl radicals (Swauger et al., 1991). These radicals can either
degrade to phenyl radicals and carbon dioxide, or remove hydrogen from mole-
cules such as nicotinamide adenine dinucleotide, reduced (NADH) to form benzoic
acid. Peroxidases catalyse the insertion of two hydrogen ions (donated by NADH)
between the two oxygen atoms of hydrogen peroxide to form two molecules of
water (Devlin, 1993). Benzoyl peroxide is likely to be converted to benzoic acid by
the same mechanism; thus, benzoic acid is the major stable metabolite of benzoyl
peroxide produced by keratinocytes (Nacht et al., 1981; Rothman & Pochi,
1988).

After metabolism of benzoyl peroxide, the major product, benzoic acid, is
excreted in the urine, either as benzoate (Rothman & Pochi, 1988) or as a conju-
gate with glycine (benzoyl glycine; hippuric acid) (Life Science Research Office,
1980).

Humans

In a study using human keratinocytes in vitro, alkyl radical adducts were formed
when benzoyl peroxide was incubated with 5,5-dimethyl-1-pyrroline-N-oxide
(Kensler et al., 1988), consistent with formation of benzoyloxyl and phenyl radicals
(Hazlewood & Davies, 1996). Production of free radicals occurs in freshly har-
vested and cultured keratinocytes at nontoxic concentrations of benzoyl peroxide
(lannone et al., 1993).

2.1.2  Effects on other biochemical parameters

Kaul & Khanduja (1999) found that benzoyl peroxide stimulates the formation
of superoxide anion radicals in murine peritoneal macrophages in vitro. Benzoyl
peroxide also increased the accumulation of diacylglycerol in these cells, with a
concurrent release of choline metabolites. Eluants from dental resin disks contain-
ing benzoyl peroxide were found to cause a decrease in the free fatty acid pool
and an increase in diacylglycerol formation in hamster oral epithelial cells in vitro
(Lefebvre et al., 1996). The presence of benzoyl peroxide or its metabolic products
could stimulate phospholipase C and/or D, which would result in higher levels of
diacylglycerols that could alter cellular growth. Diacylglycerols have been shown
to activate protein kinase C and stimulate the formation of superoxide anion radi-
cals by inflammatory cells. Thus, with the accumulation of diacylglycerol, the pro-
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duction of superoxide anion radicals by inflammatory cells is also likely to increase
(Kaul & Khanduja, 1999).

Many studies have demonstrated the involvement of free radicals and reactive
oxygen species, such as superoxide anion radicals, in the process of tumour pro-
motion (Zhang & Mock, 1992; Kaul & Khanduja, 1999). Inflammatory cells, such
as neutrophils and macrophages, are major sources of superoxide anion radicals
during the promotional phase of skin carcinogenesis. In a study by Odukoya &
Shklar (1984), chronic inflammation with infiltrates of lymphocytes and histiocytes,
but no tumours, was present in the control group of hamsters administered benzoyl
peroxide only, without a carcinogenic initiator. In a study by de Rey et al. (1994),
treatment with benzoyl peroxide produced an increase in mast cells in the
dermis.

Evidence that benzoyl peroxide generates free radicals involved in tumour
promotion is supported by observations that exogenous antioxidants (e.g. butyl-
ated hydroxytoluene, disulfiram and ascorbic acid) have a general inhibitory effect
on the incidence of skin tumours in studies of co-carcinogenesis. Free radical
scavengers, such as glutathione and n-acyl dihydroxylamines also have an inhibi-
tory effect (Slaga, 1995).

Benzoyl peroxide has been shown to bind covalently to protein, but not to DNA,
and benzoyloxyl radicals likely covalently bind to macromolecules in a similar
manner. Benzoic acid does not bind to either protein or DNA under similar condi-
tions (Swauger et al., 1990). Potassium ion-activated phosphatase and sodium
and potassium ion transporting ATPase (Na*- and K*-ATPase) are inhibited by
benzoyl peroxide in rabbit dental pulp in vitro (Abiko et al., 1978; Kono et al., 1981).
Haemolytic effects have also been reported (Fujisawa, 1978).

22 Toxicological studies
2.2.1  Acute toxicity
Mouse

Evidence concerning the acute toxicity of benzoyl peroxide in mice has been
summarized by the Life Science Research Office (1980). The acute oral toxicity
of benzoyl peroxide is low, with a median lethal dose (LDs,) of 2127 mg/kgbw
(Antonyuk, 1969). Studies to determine toxicity after intraperitoneal injection were
not considered to be relevant to the determination of the safety of benzoyl peroxide
as a food additive (Life Science Research Office, 1980).

Rats

Benzoyl peroxide also has low acute oral toxicity in rats, with reported LDs
values in the range of 400—6400 mg/kgbw. When lethal doses were administered,
animals displayed central nervous system depression within 30—40min and death
occurred within 24 h (Life Science Research Office, 1980).
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Rabbits

In Draize tests for irritation conducted by Wazeter & Goldenthal (1973) in New
Zealand white rabbits, benzoyl peroxide was not found to be a dermal irritant;
however, it did cause transient ocular irritation. Conjunctivitis and swelling were
noted, but no ulcerations or opacities. Benzoyl peroxide dust irritated the eyes of
albino rabbits when not washed out within 5min after administration, while dermal
application of a 10% solution of benzoyl peroxide in propylene glycol caused slight
to moderate erythema in guinea-pigs (IARC, 1985).

Humans

In humans, benzoyl peroxide is known to produce dermal irritation and sensi-
tization reactions, particularly after multiple topical applications for acne treatment
(Zesch, 1986; Kraus, 1995; National Toxicology Program, 2002).

2.2.2  Short-term studies of toxicity
Mice

In a 4-month study of toxicity (Antonyuk, 1969), mice were given benzoyl per-
oxide at a dose corresponding to 2, 5 or 10% of the calculated LDs, (148 mg/kg)
by intraperitoneal administration. Decreased body-weight gains were noted in each
group, but no deaths were observed.

Rats

Two short-term studies of toxicity with benzoyl peroxide administered by intra-
peritoneal injection were conducted.

In a 4-month study, rats given benzoyl peroxide at a dose of 7.5,18.7 or
37.3mg/kgbw per day survived the observation period. A decrease in body-weight
gain was measured (Antonyuk, 1969).

Mkhitaryan et al. (1974) demonstrated that concentrations of a-tocopherol in
the brain decreased in rats given benzoyl peroxide at a dose of 48 mg/kgbw per
day.

Dogs

Dogs fed flour treated with benzoyl peroxide for 12 weeks showed no evidence
of toxicity (Newell et al., 1947). The flour was treated with 8g of benzoyl peroxide
per 45kg (corresponding to a dose of approximately 5mg/kgbw per day). After
treatment, the flour was steamed before being given to the dogs. Concentrations
of benzoyl peroxide were not determined after steaming. In a very similar study
(Radomski et al., 1948), three dogs were fed flour treated with benzoyl peroxide
(one ounce of benzoyl peroxide per pound of flour, i.e. 289 per 4549, equal to
aproximately 15.6 mg/kgbw per day) for 6 weeks apparently did not show signs of
toxicity. Again, concentrations of benzoyl peroxide were not determined after
steaming.
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Table 1. Results of studies of carcinogenicity in mice fed with
benzoyl peroxide

Strain No. per Route; Dose Duration Result Reference
group exposure (weeks)

Albino 25M, Oral, dietary; 28, 280, 80 No tumours Sharrat et al.
25F ad lib 2800mg/kg observed (1964)

of diet

Albino 25M, Subcutaneous; 50mg 80° No tumours Sharrat et al.
25F single dose observed (1964)

Unknown 30 Subcutaneous; 0.5-3% >12 No tumours Oppenheimer

implantation observed et al. (1955)

F, female; M, male.
@ Animals were apparently given a single dose and then observed for approximately 80
weeks.

223 Long-term studies of carcinogenicity
Mice

The results of studies of carcinogenicity in mice fed with benzoyl peroxide in
mice, as cited by Kraus et al. (1995) and the International Agency for Research
on Cancer (IARC, 1999), are summarized in Table 1. Many of these studies were
previously reviewed by IARC (IARC, 1985, 1999).

Benzoyl peroxide was not carcinogenic in one dietary study in which groups
of 25 male and 25 female mice received benzoyl peroxide at a dose of 28, 280 or
2800 mg/kg of diet (equal to a dose of 4.2, 42 and 420 mg/kgbw) for 80 weeks. In
the same study, subcutaneous injection of a single dose of benzoyl peroxide of
50mg per mouse (equal to a dose of approximately 2500 mg/kgbw) did not lead
to tumour formation. In these studies, the final concentration of benzoyl peroxide
in the diet given to the animals was not determined (Sharrat et al., 1964).

The carcinogenicity of benzoyl peroxide administered by dermal application
has been thoroughly evaluated in mice. Sixteen studies (duration, 20—80 weeks)
gave negative results. In almost all these studies, benzoyl peroxide was adminis-
tered at doses varying from 20 to 40mg, applied topically one to three times per
week, except in one study in which benzoyl peroxide was applied six times per
week (Sharrat et al., 1964).

Two studies gave positive results. In the first, benzoyl peroxide caused a sta-
tistically significant increase in skin tumours (8 out of 20 mice), of which 5 out of
20 were squamous cell carcinomas (Kurokawa et al., 1984).

In the second study, which used a transgenic line of mice with genetically initi-
ated skin, the incidence of papillomas in heterozygous males was 0/5, 0/5, 3/5,
4/5 at 0, 1, 5 or 10mg of benzoyl peroxide, respectively. In groups of three homo-
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zygous mice, an increased incidence of papilloma over time was noticed in females
receiving 5 or 10mg of benzoyl peroxide topically, twice per week. Since these
mice were prone to develop skin tumours, this study supports the promoting nature
of benzoyl peroxide (Spalding et al., 1993).

In light of the negative results reported by most of the available studies, the
positive results obtained in a single study are surprising, and probably show that
the mice used were extremely sensitive to skin irritation and the development of
skin tumours.

In a summary of all studies in mice treated with benzoyl peroxide by topical
application to the skin (one to two times per week, at doses ranging from 10 to
40mg) after initiation with carcinogens, benzoyl peroxide was shown to be a pro-
moter of skin tumours in most cases, although different strains showed different
sensitivities (Kraus et al., 1995).

Rats

The results of studies of carcinogenicity with benzoyl peroxide in rats have
been summarized by Kraus et al. (1995).

In albino rats given benzoyl peroxide at a dose of 28, 280 or 2800 mg/kg of
diet (equal to approximately 1.9, 19 or 190mg/kgbw for males, and 2.3, 23 and
230mg/kgbw for females) for 120 weeks, no carcinogenic effect was revealed; the
incidence of malignant and/or benign tumours was not different between treated
groups and controls. There was a significant increase in testis atrophy in the males
at the highest dose, which according to the authors, was probably due to vitamin
E deficiency. Body-weight gains in females at the highest dose and in the males
at the intermediate dose were significantly reduced. The authors speculated that
these weight depressions of about 10% were caused by marginal nutritional defi-
ciencies, because an increased intake of food reversed the phenomenon. In these
studies, the concentration of benzoyl peroxide in the final diet given to the animals
was not determined (Sharrat et al., 1964).

Benzoyl peroxide was not carcinogenic in three studies in at least three differ-
ent strains of rat treated by subcutaneous administration; however, the single
subcutaneous injection apparently administered in the study by Sharrat et al.
(1964) is not typical for a long-term study of toxicity or carcinogenicity.

Hamsters

Benzoyl peroxide was found not to be carcinogenic in hamsters when applied
dermally at a dose of 160 mg, three times per week for 16 months. However, when
7,12-dimethylbenz[ajanthracene (DMBA) was administered as a single dose of
10mg/kgbw by gavage, followed by 80 or 160mg of benzoyl peroxide applied
topically on the dermis, an increase in dermal melanotic foci, considered to be a
precursor of melanotic tumours, and an increase in melanotic tumours were found
(Schweizer, 1987).
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Eight male and eight female hamsters were painted in the cheek pouch with
an 0.1% solution of DMBA in mineral oil for 10 weeks, three times per week. After
a subsequent non-treatment period of 6 weeks, the animals were painted, three
times per week, with a 40% solution of benzoyl peroxide in acetone (approximately
20mg each time). Six hamsters served as controls and were treated with benzoyl
peroxide only. In both groups inflammatory changes and hyperkeratosis occurred.
In the hamsters pretreated with DMBA, carcinoma in situ and epidermoid carcino-
mas were found in all animals at the application site, while no lesions were
observed in organs examined histopathologically (heart, lungs, liver and kidneys)
(Odukoya & Shklar, 1984).

Twenty-two male hamsters were painted with a 0.5% solution of DMBA in
mineral oil, followed by 27 weeks of painting with a 40% solution of benzoyl per-
oxide in acetone, three times per week. A control group of six hamsters was treated
only with benzoyl peroxide, using a similar dose and schedule. In the hamsters
pretreated with DMBA, severe dysplastic changes, carcinoma in situ and early
invasive squamous cell carcinomas were noticed in a nonspecified number of
animals. The control animals treated only with benzoyl peroxide showed acantho-
sis, ulceration and inflammation of the painted areas, with severe dysplasia in one
animal. Unexpectedly, benzoyl peroxide caused a reduction in DMBA-induced
y-glutamyltranspeptidase (GGT) foci in the liver (Zhang & Mock, 1992).

Thus benzoyl peroxide acts as a promoter for oral, topical and dermal carci-
nogenesis in hamsters, and this is consistent with benzoyl peroxide acting as a
promoter in studies of carcinogenicity in mouse skin (see above).

In a 120-week study of carcinogenicity, mice and rats given diets containing
benzoyl peroxide did not show an increase in the incidence of tumours, although
a significant decrease in body weight (10%) was measured in females at the
highest dose (230 mg/kgbw per day) and in males at the intermediate dose (19mg/
kgbw per day), but not in males at the highest dose (190 mg/kgbw per day). On
the basis of these data and the concentrations of benzoyl peroxide added to the
diet (up to 2000mg/kg of diet), the Committee decided that the treatment of whey
with benzoyl peroxide would not have an adverse effect on its nutritional value nor
result in the formation of harmful substances or anti-metabolites in the whey.

During its deliberations, the Committee also considered the potential adverse
effects of oxidation products of bixin and norbixin (carotenoids contained in annatto)
formed from benzoyl peroxide, but found no evidence that this was a safety
concern. In an evaluation by IARC, it was concluded that benzoyl peroxide was
not classifiable as to its carcinogenicity to humans (IARC Group 3) (IARC,
1985).

2.24 Reproductive toxicity: developmental toxicity

Chickens

Benzoyl peroxide was dissolved in acetone at doses of 0, 0.05, 0.10, 0.21,
0.42, 0.83, and 1.7umol and injected into the air chamber of 3-day-old eggs from
white Leghorn chickens, 30 eggs per dose group. There was a dose-related
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increase in early embryonic deaths at all except the lowest dose. The dose—
response curve was flat at the three higher doses, which indicates saturation of
penetration. Only 1/80 controls were malformed; however, the rate of malformation
was increased in all treatment groups and varied from 13 to 33%, without an
apparent dose—-response relationship (Korhonen et al., 1984; IARC, 1985).

2.2.5 Genotoxicity and other cellular effects

The results of studies of genotoxicity with benzoyl peroxide are summarized in
Table 2.

As can be concluded from the data in this table, benzoyl peroxide is not muta-
genic, it inhibits cellular communication, and it can cause single-strand breaks in
DNA.

While benzoic acid did not produce DNA damage in a cell-free system utilizing
®X-174 plasmid DNA in the presence of copper, benzoyl peroxide did produce
DNA damage under these conditions. However, there was no apparent covalent
binding of benzoyl peroxide to DNA (Swauger et al., 1991).

2.3 Observations in humans

2.3.1  Carcinogenicity in workers exposed in industry or in patients
treated for acne

Epidemiological and clinical studies were carried out to determine whether
exposures of workers to benzoyl peroxide during industrial use or of acne patients
treated with benzoyl peroxide were associated with carcinogenicity. These studies
have been reviewed by IARC (IARC, 1985, 1999) and by Kraus (1995). Topical
preparations of benzoyl peroxide have been used in the treatment of acne for more
than 30 years, with no reports of adverse effects that could be related to carcino-
genicity. Adverse effects are usually limited to dermal irritation and sensitization
reactions (Kraus et al., 1995).

A population-based case—control study of acne treatments as risk factors for
skin cancer of the head and neck was performed in Canada. Women and men
aged 10-51 years or 10-56 years, respectively, were asked to fill out question-
naires relating to a list of widely used medications for the treatment of acne. The
response rate for participation for the 964 cases was 91%, and for the 3856 con-
trols was 80%. Of the respondents, 92.3% had basal cell carcinoma, 4.8% had
squamous cell carcinoma, and 2.9% had melanoma. Benzoyl peroxide had appar-
ently been used in the treatment of acne for 9% of the cases and 10.1% of the
controls. The odds ratio for use of benzoyl peroxide was 0.8 (95% confidence
interval (Cl), 0.5—1.3) for all cases of skin cancer of the head and neck combined;
there was no association with use of benzoyl peroxide (Hogan et al., 1991).

2.3.2 Reproductive toxicity

Although no studies in pregnant women have been performed, years of clinical
use of benzoyl peroxide in preparations used for the treatment of acne appear to
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Table 2. Results of studies of genotoxicity with benzoyl peroxide

BENZOYL PEROXIDE

End-point Test system Concentration  Results Reference
/dose
In vitro
Reverse S. typhimurium, NS Negative® Litton Bionetics,
mutation TA1535, Inc. (1975)
TA1537,
TA1538
Reverse Saccharomyces NS Negative® Litton Bionetics,
mutation cerevisiae, Inc. (1975)
strain D4
Reverse S. typhimurium, 2500 pg/ml Negative® Ishidate (1980)
mutation TA100, TA1535,
TA1537, TA98,
TA92, TA94
Reverse S. typhimurium, 100 ug/plate Negative® Dillon et al.
mutation TA100, TA102, (1998)
TA104, TA 97a
Chromosomal Chinese hamster 200 ug/ml Negative® Ishidate (1980)
aberration lung cells
Aneuploidy Chinese hamster 200 pg/ml Negative® Ishidate (1980)
lung cells
DNA single- Human bronchial  242ug/ml Positive® Saladino et al.
strand breaks epithelial cells (1985)
and DNA-
protein cross-
links
Increase in Syrian hamster 242 ug/ml Positive® Mikalsen &
intercellular embryo cells Sanner
communication (1994)
Inhibition of gap- Primary mouse 40pg/ml Positive® Jansen et al.
junctional keratinocytes (1996)
intercellular
communication
Inhibition of gap- Initiated primary 10pg/ml Positive® Jansen &
junctional mouse Jongen
intercellular keratinocytes (1996)
communication
Inhibition of Chinese hamster  0.1-1.5ug/ml  Positive, dose-  Slaga et al.
metabolic V79 cells dependent® (1981)
cooperation
Sister chromatid  Chinese hamster NS Positive, dose-  Jarventaus
exchange ovary cells dependent et al. (1984)
response with (abstract)
metabolic
activation;
negative
without
metabolic
activation
Inhibition of Human 0.5-3.6ug/ml  Positive, dose-  Lawrence et al.
metabolic keratinocytes dependent® (1984)

cooperation
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Table 2. (contd)

End-point Test system Concentration  Results Reference
/dose
DNA damage Cell-free system 1 mmol/l Negative® Swauger et al.
using ®X-174 (1991)

plasmid DNA 0.1-1mmol/l + Positive
copper (Cu)

In vivo
Dominant Mice 62mg/kgbw®  Negative® Epstein et al.
lethal mutation (1972)

NS, not stated.

@ Lowest effective dose or highest ineffective dose.

® With or without metabolic activation, source not stated.

¢ With metabolic activation; not tested without metabolic activation (not applicable in the
case of the test for dominant lethal mutation in mice in vivo).

Without metabolic activation; not tested with metabolic activation.

¢ Single dose, administered intraperitoneally.

d

indicate that benzoyl peroxide causes no detrimental reproductive effects in
humans. Since benzoyl peroxide absorbed after topical administration is metabo-
lized to benzoic acid in the skin and subsequently excreted as benzoic acid or as
a conjugate of glycine, adverse systemic effects are unlikely to occur (Rothman &
Pochi, 1988).

2.3.3 Immune response

Incidences of allergenic responses have been documented in workers exposed
to benzoyl peroxide used as a bleaching agent in flour. A young male baker working
with flour treated with benzoyl peroxide suffered for a year with asthmatic wheezing
and severe dermatitis of the face, neck, shoulders, and arms. When the baker
substituted ‘unimproved’ wheat flour for that treated with benzoyl peroxide, the
allergic reactions disappeared. Two years later, when he was again exposed to
flour treated with benzoyl peroxide, the baker promptly developed dermatitis (Baird,
1945).

Leyden & Kligman (1977) reported that benzoic acid was not sensitizing in a
series of patients who were sensitive to benzoyl peroxide. Positive patch tests with
benzoyl peroxide were reported in 38 out of 400 bakers tested (Grosfeld, 1951).
In a study by Haustein el al. (1985), benzoyl peroxide was only a weak allergen
but a strong irritant; only 11 out of 155 patients exhibited intolerance to the prepa-
ration and of those, 10 were able to continue use of the preparation.

Benzoyl peroxide is widely used as a topical agent, particularly in the treatment
of acne, but also for other skin diseases, such as chronic skin ulcers, tinea pedis,
and tinea versicolor (Hogan, 1991; IARC, 1999). Dermatologists have reported
reactions among patients receiving various topical preparations of benzoyl perox-
ide for the treatment of acne; however, the reported incidences of contact sensiti-
zation to benzoyl peroxide varied widely among the various investigators.
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The reported incidence of positive patch test reactions varied from 0 to 76%
(Hogan, 1991). Leyden & Kligman (1977) reported a high incidence of contact
sensitization with benzoyl peroxide. These investigators applied squares of cloth
saturated with either 5% or 10% benzoyl peroxide gel to 25 patients for five periods
of 48 h. The sensitization rate was 76% among these subjects, regardless of dose.
The highest incidence (76%) of an allergenic response was reported in patients
receiving benzoyl peroxide at high concentrations, applied under occlusive patches
to treat chronic leg ulcers (Agathos & Bandmann, 1984). However, the incidence
of positive patch tests does not appear to increase with the duration of use of
benzoyl peroxide, and most patients exhibiting a reaction were able to continue
using preparations containing benzoyl peroxide (Hogan, 1991).

In a double-blind study with 196 patients with acne, one group was treated with
a placebo while three groups were treated with different lotions each containing
5.5% benzoyl peroxide. The lotions were applied one to four times daily for 4 weeks
and left on the skin for at least 3—4h each time. None of the patients exhibited
dermal sensitization, nor were any significant systemic effects observed during the
study (Ede, 1973).

In a study by Poole et al. (1970), 40% of adult volunteers became sensitized
to an ointment containing 1% sulfur and 10% benzoyl peroxide. The investigators
applied the preparation nine times for 24 h, within a period of 3 weeks. The prepa-
ration was reapplied after a 2-week interval. As a result of this challenge, 25 out
of 69 subjects exhibited severe dermal sensitization reactions. Two months after
the first applications, ten subjects who had exhibited only moderate reactivity were
rechallenged with the ointment and all reacted severely (Poole et al., 1970).

In conclusion, most studies and clinical experience have demonstrated that
benzoyl peroxide is a sensitizer when used in the treatment of acne, and that
benzoyl peroxide can be a severe irritant.

3. TECHNOLOGICAL DATA
3.1 Secondary effects of treatment of food with benzoyl peroxide

In evaluating the health aspects of benzoyl peroxide, any secondary, possibly
deleterious effects that might result from its use in foods should also be considered.
Three possible effects of such action include: the formation of harmful degradation
products; the destruction of essential nutrients; and the production of toxic sub-
stances from the food components (Life Science Research Office, 1980).

3.1.1 Degradation products of benzoyl peroxide

As indicated earlier, benzoyl peroxide in food is rapidly and almost completely
converted to benzoic acid during processing. This results in an increase in the
benzoic acid content of the treated food that is roughly equal to two molecules
of benzoic acid per molecule of benzoyl peroxide employed. The direct addition of
benzoic acid and sodium benzoate to food is approximately two to three times this
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amount (Subcommittee on review of the GRAS List, 1972). Furthermore, benzoic
acid is naturally found in several foods, including fruit, spices, milk products, meats,
and beverages (Van Straten, 1977). A daily intake of 4-6g of benzoic acid in
humans causes no toxic symptoms, apart from slight gastric irritation (Goodman
& Gilman, 1975). At its fifty-fifth meeting (Annex 1, reference 749), the Committee
reaffirmed that there was sufficient information on the toxicity of benzoic acid and
related compounds to maintain the earlier established ADI of 0—-5 mg/kgbw per day
of benzoic acid equivalents.

3.1.2 Destruction of essential nutrients

Benzoyl peroxide reduces the vitamin A content of products containing fat. As
whey is essentially fat-free, the treatment of whey is not affected by this
problem.

No data are available on the fate of other essential nutrients in foods bleached
with benzoyl peroxide, although results obtained in studies with hydrogen peroxide
may be relevant in this connection. Treatment of milk for 24 h at 30°C, or for 30min
at 51°C with 0.3% hydrogen peroxide almost completely destroyed the small
amounts of ascorbic acid and a-tocopherol present (Luck, 1958a; 1958b). These
treatments had no effect on thiamin, riboflavin, or pyridoxine. No reduction in
methionine content was noted when fish protein concentrates were treated with
1.25% hydrogen peroxide at 50 °C for 20 min, and only a slight reduction (8%) after
treatment with 5% hydroperoxide (Rasekh, 1972). It should be noted that these
latter concentrations of hydrogen peroxide are two orders of magnitude greater
than those used in the proposed bleaching of whey with benxoyl peroxide.

3.1.3  Production of toxic compounds

It is possible that benzoyl peroxide might react with various constituents in
whey. Chang et al. (1977) reported that the rate of decomposition of benzoyl per-
oxide in whey followed first-order kinetics, such that the rate depended on the size
of the benzoyl peroxide particles and the agitation velocity. Moreover, they affirmed
that the pH of whey had little effect on the decomposition rate of benzoyl peroxide
and that benzoic acid was the major product. Minor amounts of hydroxybenzoic
acids, phenyl benzoate, phenol, and benzoyl peroxide were also found.

4. INTAKE

As noted above, most of the benzoyl peroxide used in the bleaching treatment
of whey is converted to benzoic acid. Subsequent processing will further reduce
any traces of benzoyl peroxide that might remain in the whey that is used as a
food ingredient. If any benzoyl peroxide were ingested, it would be subjected to
further destruction in the gastrointestinal tract and by tissue peroxidases. There-
fore, the major question requiring consideration is the acceptability of small amounts
of benzoic acid being added to the diet by the consumption of food products to
which bleached whey has been added.
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In the Food and Agricultural Organization of the United Nations (FAO) food
balance sheet for the year 2000, it was reported that 89 million tonnes of whey
are produced annually worldwide. Estimates based on the production figures in
the FAO STAT 2000 food balance sheet tables suggest that <15% of the world’s
whey production would be subject to this bleaching process. The worldwide con-
sumption of whey, both bleached and unbleached, was 0.8 kg/person per year and
the highest consumption was 15.4 kg/person per year in the USA. The latter would
result in a total daily exposure to benzoic acid of 0.15 x 1540 mg of benzoic acid
per year, or a daily exposure of 0.01 mg/kgbw (for a person with a body weight of
60kg), assuming complete conversion of benzoyl peroxide.

5. COMMENTS

Almost all the benzoyl peroxide used in food processing is converted to benzoic
acid during heat treatment or storage. While traces of benzoyl peroxide may be
present in the processed food, most, if not all, of the benzoyl peroxide ingested
will be degraded to benzoic acid in the intestine. It is likely that any benzoyl per-
oxide absorbed will be metabolized to benzoic acid in the liver. Finally, benzoic
acid will be excreted in the urine, either as benzoate or as a conjugate with glycine.
On this basis, the major issues to be considered when benzoyl peroxide is used
as a bleaching agent in whey are the presence of small amounts of benzoic acid
residues and the potential nutritional effects on whey.

During the metabolism of benzoyl peroxide, superoxide anion radicals may be
produced. The low concentration of radicals formed will not, however, saturate
superoxide dismutase and do not pose a safety concern.

Clinical studies have shown that benzoyl peroxide can be a severe dermal
irritant, and is a dermal sensitizing agent in humans. The short-term studies of
toxicity that are available are of limited quality. Benzoyl peroxide did not cause
significant toxicity in rats or mice after repeated intraperitoneal injection. Benzoyl
peroxide has been shown to cause single-strand breaks in DNA and to disrupt
intercellular communication in vitro. However, it was not mutagenic and did not
bind covalently to DNA. Benzoyl peroxide was not carcinogenic after subcutaneous
or after dermal application. Benzoyl peroxide was shown to be a promoter in
assays for initiation—promotion in mice treated dermally.

In a long-term study of carcinogenicity, the incidence of tumours did not increase
in rats and mice receiving diets containing benzoyl peroxide. These and additional,
although limited, data indicate that it is unlikely that treatment of food with benzoyl
peroxide will have an effect on the nutritional value of whey, or result in the forma-
tion of harmful substances.

Epidemiological and clinical studies did not find an association between the
incidence of skin cancer in industrial workers or acne patients and exposure to
benzoyl peroxide. Adverse effects were usually limited to dermal irritation and
sensitization reactions.
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Intake

In the FAO food balance sheet for the year 2000, it was reported that 89 million
tonnes of whey are annually produced in the world. Estimates based on the pro-
duction figures in the FAO STAT 2000 food balance sheet tables suggest that <15%
of the world’s whey production would be subject to this bleaching process. The
worldwide consumption per capita of whey (both bleached and unbleached) was
0.8kg per year, and the highest consumption per capita was 15.4kg per year in
the USA. This results in a total daily exposure to benzoic acid of 0.01 mg/kgbw
(for a 60kg person), assuming complete conversion of benzoyl peroxide.

6. EVALUATION

The Committee considered the acceptability of small amounts of benzoic acid
residues added to the diet by the consumption of food products containing bleached
whey.

Assuming that 15% of cheese whey were bleached, the per capita intake of
benzoic acid was estimated to be 0.01 mg/kgbw per day. The Committee concluded
that this was a minor contribution to the total dietary intake of benzoic acid, for
which a group ADI was established at the forty-first meeting, and that treatment of
whey with benzoyl peroxide at a maximum concentration of 100 mg/kg did not pose
a safety concern.

The Committee restated its conclusion from the fifty-first meeting (Annex 1,
reference 122) that it was possible that the intake of benzoic acid from all dietary
sources by some consumers could exceed the ADI, and concluded that more
precise intake data were required to estimate the number of such consumers and
the magnitude and duration of intakes that are greater than the ADI.
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1. EXPLANATION

The enzyme preparation under evaluation contains the active enzyme hexose
oxidase (D-hexose: oxygen 1-oxidoreductase), which has not been evaluated
previously by the Committee. Hexose oxidase is an enzyme that catalyses the
oxidation of C6 sugars to their corresponding lactones, with the concomitant forma-
tion of hydrogen peroxide. Hexose oxidase has the highest affinity for D-glucose
and D-galactose.

The hexose oxidase is produced from a nonpathogenic and nontoxigenic
genetically modified strain of the yeast Hansenula polymorpha containing the
hexose oxidase gene derived from the red alga Chondrus crispus. The enzyme
activity is expressed in hexose oxidase units (HOXU).

- 37 -
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Hexose oxidase can be used as a processing aid in the production of a range
of foods at doses of 150-200 HOXU/kg of food (typical) to 500-2500 HOXU/kg of
food (maximum). The commercial preparation contains 0.2mg of total organic
solids (TOS) per HOXU. The technological functions of hexose oxidase are dough
strengthening, curd formation, oxygen scavenging, and decreasing the formation
of the products of the Maillard reaction.

1.1 Genetic modification

The gene encoding hexose oxidase was derived from the red alga C. crispus,
which is not known to be pathogenic or toxigenic. C. crispus has a long history of
use in food in Asia and is one of the sources of carageenan, which has been
evaluated previously as a food additive by the Committee (Annex 1, references
32, 137). A synthetic gene was constructed, based on the hexose oxidase cDNA
from C. crispus, that was adapted for expression in yeast. The synthetic gene
encodes a hexose oxidase with the same amino acid sequence as that of the
native C. crispus enzyme. The synthetic gene was combined with regulatory
sequences, promoter and terminator, derived from H. polymorpha, and inserted
into the commonly-used plasmid pBR322. The URA3 gene from Saccharomyces
cerevisiae and the HARS1 sequence from H. polymorpha were also inserted into
the plasmid. The URA3 gene serves as a selectable marker to identify cells con-
taining the transformation vector. The native pBR322 plasmid contains genes
encoding proteins that confer resistance to ampicillin and tetracycline. These
genes were removed during the construction of the transformation vector.

In order to develop the H. polymorpha production strain, the wild-type strain
ATCC 34438 was subjected to chemical mutagenesis. A strain requiring uracil for
growth (uracil auxotroph) was used as a host strain. The strain was transformed
with the hexose oxidase transformation vector. The transformed strain was further
improved by mutagenesis using ultraviolet light (UV mutagenesis) and used as the
hexose oxidase production strain. All the introduced DNA is well-characterized and
would not result in the production of any toxic or undesirable substances. The
production strain is stable with respect to the introduced DNA.

1.2 Product characterization

Hexose oxidase is produced by submerged fermentation of a pure culture of
the H. polymorpha production strain. The enzyme is produced intracellularly and,
upon cell disruption with lauryl trimethyl ammonium bromide (LTAB), is released
into the fermentation broth and is subsequently separated from the yeast cells and
subjected to ultrafiltration and diafiltration to obtain concentrated hexose oxidase.
It is then spray-dried onto a suitable food-grade carrier, such as wheat starch, to
form microgranules that are off-white to brownish in colour. Small amounts of LTAB
may be present in the final product. The enzyme is typically denatured during heat
treatment, and thus is no longer active in the final food product as eaten. The
enzyme preparation conforms to the General specifications for enzyme prepara-
tions in food processing (Annex 1, reference 156).
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2. BIOLOGICAL DATA
2.1 Biochemical aspects

No information was available.

22 Toxicological studies

Toxicological studies have been performed with the enzyme preparations Ferm
sample I, Ferm sample I, HOX-TOX-3-99, HOX-TOX-1 and HOX-TOX-4, all of
which are yellow, water-soluble turbid liquid concentrates produced from fermenta-
tion of the recombinant production organism. As hexose oxidase is produced
intracellularly in the host, cells are made permeable after fermentation to release
the enzyme. In the enzyme preparations tested this was done by mechanical dis-
ruption (Ferm sample |), treatment with cetyl trimethyl ammonium bromide (CTAB;
Ferm sample Il), treatment with LTAB (HOX-TOX-3-99 and HOX-TOX-1), or treat-
ment with hexanol (HOX-TOX-4). The preferred treatment was with LTAB. Owing
to carry-over of LTAB into the enzyme preparation, it is possible that small quanti-
ties of this quaternary ammonium compound might be present in the final food
product.

2.2.1  Acute toxicity

Studies of acute toxicity have been performed with two enzyme preparations,
designated as Ferm sample | and Ferm sample I, with enzyme contents of 300
and 400HOXU/mI, respectively. The studies followed OECD test guideline 420
(fixed dose method, 1992), and were certified for compliance with good laboratory
practice (GLP) and quality assurance (QA). The results are summarized in
Table 1.

2.2.2  Short-term studies of toxicity

Rats

In a range-finding study that was certified for compliance with GLP and QA,
groups of five male and five female Sprague Dawley rats (aged 5-6 weeks)
received enzyme preparation HOX-TOX-1 (enzyme content, 500HOXU/g; TOS
content, 8.57%) at a dose equivalent to 0, 500, 1250, or 5000HOXU/kgbw per

Table 1. Acute toxicity of hexose oxidase

Enzyme preparation Species Sex Route LDs, (mg/kgbw) References

Ferm sample | Rat M, F  Oral >2000 Kaaber (2000a)
Ferm sample Il Rat M, F  Oral >2000 Kaaber (2000b); Cook
& Thygesen (2003)

F, female; M, male.
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day by oral gavage for 2 weeks. The vehicle was sterile water. All visible signs of
ill health and behavioural changes were recorded daily. Body weight and food
consumption were recorded once per week. At termination of treatment, the
animals were weighed and macroscopic examinations were performed.

One male rat receiving the intermediate dose and one female receiving the
highest dose showed haemorrhages in the thymus. These were considered to be
incidental findings. No adverse effects were observed at up to and including the
highest dose of 5000HOXU/kgbw per day (Glerup, 2000; Cook & Thygesen,
2003).

Groups of ten male and ten female Sprague Dawley rats (aged 5-6 weeks)
were given enzyme preparation HOX-TOX-3-99 (enzyme content, 500 HOXU/g;
TOS content, 9.55%", LTAB content, 1130ug/g) at a dose equivalent to 0, 500,
1250, or 5000HOXU/kgbw by gavage (in sterile water), daily for 13 weeks. The
study was performed according to OECD test guideline 408 (1998), and was certi-
fied for compliance with GLP and QA. All visible signs of ill health or behavioural
changes were recorded daily, as were morbidity and mortality. Once per week,
body weight and food consumption were recorded, and detailed clinical observa-
tions were performed outside the cage. All animals were examined by ophthalmos-
copy at the start of the experiment, and animals in the group receiving the highest
dose and in the control group were re-examined before termination, as were
animals in the groups receiving the lowest and the intermediate dose when this
was indicated. In week 11 or 12, all animals were examined for sensory reactivity
to different types of stimuli, grip strength, and motor activity. At termination of treat-
ment, blood samples were collected from all animals for haematology and clinical
chemistry determinations. At necropsy, a macroscopic examination was performed
on all animals, and absolute and relative (to body weight) weights of 11 organs
were determined. Microscopy was carried out on about 35 organs and tissues from
all animals in the control group and at the highest dose, on all organs and tissues
from animals dying or sacrificed during the study, and on all gross lesions from all
animals.

A few incidences of haemorrhages in the thymus and mandibular lymph nodes
were attributed to blood sampling before necropsy and were not considered to be
related to treatment. No adverse effects were noted on any other parameter exam-
ined. The no-observed-effect level (NOEL) was 5000HOXU (equivalent to an
intake of TOS of 955mg/kgbw per day), the highest dose tested (Glerup, 2001;
Cook & Thygesen, 2003).

2.2.3 Long-term studies of toxicity and carcinogenicity

No information was available.

' Theoretical value; since ash content was not known, it was assumed that all dry matter
was organic material.
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2.24  Genotoxicity

The results of two studies of genotoxicity with hexose oxidase in vitro are
summarized in Table 2.

In the first study, which followed OECD test guideline 471 (1997) and was
certified for compliance with GLP and QA, the enzyme preparation tested was
designated as HOX-TOX-3-99 (enzyme content, 500HOXU/g; TOS content,
9.55%; LTAB content, 1130ug/g). In the second study, which followed OECD test
guideline 473 (1997), also certified for compliance with GLP and QA, the enzyme
preparation tested was HOX-TOX-1 (enzyme content, 500 HOXU/g; TOS content,
8.57%).

Table 2. Studies of genotoxicity with hexose oxidase in vitro

Enzyme End-point Test system Concentration Results References
preparation
HOX-TOX Reverse S. typhimurium 50-5000pug/plate, Negative?* Edwards
3-99 mutation TA98, TA100, + S9. Solvent: (2001a);
TA102, sterile distilled Cook &
TA1535, water. Thygesen
TA1537 (2003)
HOX-TOX  Chromosomal Human First experiment:  Negative® Edwards
1 aberration lymphocytes 75, 150, and (2001b);
300ug/ml, —S9; Cook &
150, 300, and Thygesen
600 pg/ml, +S9. (2003)
Second
experiment:
9.4, 18.8, and
37.5ug/ml
-S9; 150, 300,
and 600ug/ml
+S9. No

solvent used

@ With and without metabolic activation from S9 (9000 x g supernatant of rat liver), using
the ‘treat-and-plate’ method (to avoid any problems that might have been caused had
the test substance contained significant concentrations of bioavailable histidine).
Cytotoxicity was observed at the highest or two higher doses.

With and without metabolic activation from S9. In the first experiment, the cell cultures
were treated for 3h with and without S9 and were harvested 17h later. Reductions in
mean mitotic index were observed without S9 (to 75, 83 and 46% of values for the
negative control at 75, 150 and 300ug/ml, respectively) and with S9 (to 81 and 47% of
values for the negative control at 300 and 600 ug/ml, respectively, but not at 150 ug/ml).
In the second experiment, the cells were exposed continuously for 20h without S9 and
then harvested; with S9, cells were treated for 3h and harvested 17h later. Without S9,
reductions in the mean mitotic index of 61, 58 and 26% that for the negative control
were observed at 9.4, 18.8 and 37.5ug/ml, respectively. With S9, the mean mitotic index
was 95, 93 and 57% that of the negative control at 150, 300 and 600 ug/ml, respectively.

o
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2.2.5 Reproductive toxicity

No information was available.

226 Special studies
(@) Dermal irritation

A study of primary dermal irritation in rabbits was performed with the enzyme
preparation designated HOX-TOX-4 (enzyme content, 360 HOXU/g; dry matter
content, 3.6%). The study followed OECD test guideline 404 (1992), and was
certified for compliance with GLP and QA. An occluded application of 0.5ml of
HOX-TOX-4 was applied to two test sites on the closely clipped dorsal skin of three
female New Zealand white rabbits for 4h. Two other clipped dorsal skin sites
remained untreated. After removal of the test substance, the treated skin was
washed with lukewarm water and mild soap, and skin reactions were assessed
1, 24, 48 and 72h later. No skin reactions were observed in any of the animals at
any time-point (Bollen, 2002a).

(b) Ocular irritation

A study of acute ocular irritation in rabbits was performed with HOX-TOX-4.
This study followed OECD test guideline 405 (1987), and was certified for compli-
ance with GLP and QA. Three female New Zealand white rabbits received a single
ocular instillation of 0.1 ml of HOX-TOX-4 in the left eye. The right eye remained
untreated and served as a control. No ocular reactions were observed in any of
the animals at 1, 24, 48 and 72h after instillation (Bollen, 2002b).

(c) Toxicological data on LTAB and CTAB

A literature search did not reveal any toxicological data on LTAB (CETOX,
1999). The only data available on LTAB were on LTAB as a residue in the enzyme
preparation HOX-TOX-3-99. As such, it was implicitly tested in an Ames test
(Edwards, 2001a) and in a 13-week study of toxicity (Glerup, 2001), and did not
cause adverse effects. More information was available on the closely related qua-
ternary ammonium compound CTAB. CTAB is poorly absorbed from the gastroin-
testinal tract. CTAB did not show mutagenic activity in the Ames test, and the very
similar compound cetyl trimethyl ammonium chloride (CTAC) also tested negative
in the Ames test, as it did in assays for chromosomal aberrations in Chinese
hamster V79 cells in vitro and cell transformation in Syrian golden hamster embryo
cells in vitro. In pregnant rats given CTAB orally at a dose of 50mg/kgbw per day
(the highest dose) on days 5—14 of gestation, reduced fetal survival and increased
incidence of resorption sites were observed. The NOEL was 25mg/kgbw per day
(Anonymous, 1997; CETOX, 1999).

In a 1-year study of toxicity, rats given drinking-water containing CTAB at a
dose of 45mg/kgbw per day (the highest dose) only showed a reduction in body
weight. The NOEL was 20 mg/kgbw per day (Isomaa et al., 1976; Anonymous,
1997; CETOX, 1999).
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2.3 Observations in humans

No information was available.

3. INTAKE

Hexose oxidase can be used as an alternative to glucose oxidase in the baking
industry to strengthen dough and, in a similar way, in the pasta and noodle indus-
tries to produce a firmer structure. Hexose oxidase can also be used in foods for
which the browning Maillard reactions that normally occur with heating are not
desirable, and in cheese and tofu manufacture to improve curd formation. It is
claimed that the enzyme can also function as an oxygen scavenger in sauces and
dressings to improve appearance and shelf-life (Cook & Thygesen, 2003). Hexose
oxidase may therefore be used in the production of a broad range of foods, includ-
ing milk and milk products (e.g. cheese, yoghurts, creams, whey protein concen-
trate), cheese and cheese products (e.g. tofu), grain products (e.g. bread, pasta),
potatoes (e.g. fried potatoes), eggs (e.g. powder of egg white), condiments, and
salad dressings (e.g. mayonnaise, ketchup). The typical use levels of hexose
hoxidase range from a minimum of 150-200HOXU/kg of food, to a maximum of
500-2500HOXU/kg of food, according to food applications.

The enzyme is typically denatured during heat treatment of foods, such as
baking or pasteurization (data provided suggest that it is not stable at temperatures
above 30°C) and is therefore no longer active in the final product as eaten. It can
thus be regarded as a processing aid.

The daily intake resulting from the combined consumption of several foods in
a ‘worst-case’ situation was estimated. Based on the addition of high-level (90th
percentile) intakes for each separate food category, the estimated combined intake
levels were 42 and 43HOXU/kgbw per day on the basis of food consumption data
from the USA and Denmark, respectively. This approach assumes that high-level
consumers of large quantities of one food are also high-level consumers of all the
others. It is, however, very unlikely that an individual has a high intake of many
food categories. In order to refine the intake estimates, an alternative approach
was used, which was developed within SCOOP Task 4.2 (European Commission,
1998). This approach is applicable when the number of food categories under
consideration is limited. It assumes that an individual might have a high consump-
tion of food in two categories and an average consumption of foods in other catego-
ries. Average and high potential intakes of intake were calculated using data from
the North/South Ireland Food Consumption Survey (Irish Universities Nutrition
Alliance, 2001) and the maximum recommended dosages per food category
(see Table 3).

The two highest (95th percentile) potential intakes estimated were
482.5HOXU/person from white breads and rolls and 380HOXU/person from
wholemeal and brown breads, corresponding to a total of 14.4HOXU/kgbw per
day for a 60kg person ([482.5 + 380]/60). The mean potential intake from the rest
of the food categories was 437.5HOXU/person, equivalent to 7.3HOXU/kgbw per
day for a 60kg person. The combined intake for all food categories is thus



44 HEXOSE OXIDASE FROM CHONDRUS CRISPUS

Table 3. Average and high potential intake of hexose oxidase (in HOXU) per
food category based on data on food consumption from Ireland

Food group Average 95th Maximum Average 95th
food intake percentile dosage intake of percentile
(kg/person) food intake (HOXU/kg HOXU/ intake of
(kg/person) of food) person HOXU/
person
Rice, pasta, 0.020 0.086 2500 50.0 215.0
flours, grains,
starches
Savouries (e.g. 0.024 0.094 2500 60.0 235.0
pizzas)
White breads, 0.078 0.193 2500 195.0 482.5°
rolls
Wholemeal, 0.045 0.152 2500 112.5 380.0%
brown breads,
rolls
Other breads 0.015 0.061 2500 37.5 152.5
(e.g. scones,
croissants)
Ready-to-eat 0.019 0.064 2500 47.5 160.0
breakfast
cereals
Biscuits 0.014 0.047 2500 35.0 117.5
Cakes, pastries  0.017 0.064 2500 42.5 160.0
and buns
Other milks (e.g. 0.005 0.010 2000 10.0 20.0
processed
milks)
Creams 0.002 0.009 2000 4.0 18.0
Cheeses 0.012 0.039 2000 24.0 78.0
Yoghurts 0.016 0.089 2000 32.0 178.0
Ice-creams 0.007 0.034 2000 14.0 68.0
Milk puddings 0.006 0.036 2000 12.0 72
(e.g. rice
pudding,
custards)
Eggs, egg 0.017 0.054 500 8.5 27.0
dishes
Low fat spreads  0.004 0.027 500 2.0 13.5
Other spreading  0.012 0.004 500 6.0 20.0
fats
Chipped, fried 0.059 0.178 500 29.5 89.0
and roasted
potatoes
Soups, sauces, 0.046 0.151 500 23.0 75.5
miscellaneous
foods

From Irish Universities Nutrition Alliance (2001)

HOXU, hexose oxidase units.

2 The values in bold correspond to the category leading to the highest intake of HOXU at
the 95th percentile of food intake.
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estimated to be 14.4 + 7.3 = 22HOXU/kgbw per day, equal to an intake of TOS
of 4mg/kgbw per day.

LTAB is used as a processing aid during the production of the enzyme and
thus may be carried over in the enzyme preparation and be present in the final
food product. LTAB may be present in the final enzyme preparation at a concentra-
tion of 0.005—-0.05mg/g. Based on the addition of high levels (90th percentiles) of
intake for each separate food category and taking the maximum recommended
enzyme dosage and maximum content of LTAB residue, the combined intake
of LTAB was conservatively estimated to be 5.35ug/kgbw per day, on the basis of
food consumption data from Denmark. On the basis of the SCOOP approach,
described above, the estimated intake of enzyme, 22 HOXU/kgbw per day, results
in an intake of LTAB of 2.7 ug/kgbw per day (22 x 1000/400 x 0.05) for an enzyme
preparation with a specific activity of 400 HOXU/g.

4. COMMENTS

Toxicological studies were performed with water-soluble turbid liquid enzyme
test concentrates, designated Ferm sample |, Ferm sample II, HOX-TOX-3-99,
HOX-TOX-1 and HOX-TOX-4. These enzyme preparations were not acutely toxic
when tested in rats, nor irritating to the skin or eye of rabbits, nor mutagenic in an
assay for mutations in bacteria in vitro nor clastogenic in an assay for chromosomal
aberrations in mammalian cells in vitro. In a 2-week range-finding study in rats
treated with HOX-TOX-1 by gavage and in a 13-week study in rats treated by
gavage with HOX-TOX-3-99 (containing not only hexose oxidase but also LTAB),
no significant treatment-related effects were seen at up to and including the highest
dose of 5000 HOXU/kgbw per day (equivalent to an intake of TOS of 955 mg/kgbw
per day). This highest dose, which also represents an exposure to LTAB at
11.3mg/kgbw per day, is therefore considered to be the NOEL. No toxicological
data on LTAB only were available. The closely-related quaternary ammonium
compound CTAB was not mutagenic in an assay for mutations in bacteria in vitro.
In a 1-year study of toxicity with CTAB in rats, the only effect observed was reduced
body-weight gain; the NOEL was 20mg/kgbw per day.

Neither H. polymorpha nor C. crispus have been associated with
allergenicity.

Aconservative estimate of the intake of hexose oxidase when used at maximum
dosage in the production of all potential food categories is 22 HOXU/kgbw per day
(equivalent to an intake of TOS of 4mg/kgbw per day). When this intake is
compared with the NOEL of 5000HOXU (equivalent to an intake of TOS of
955 mg/kgbw per day), the highest dose tested in the 13-week study of oral toxicity,
the margin of safety exceeds 200. The concomitant intake of LTAB present at
maximum concentrations of residue in all potential food categories was estimated
to be 2.7 ug/kgbw per day. When this intake is compared with the NOEL for LTAB
of 11.3mg/kgbw per day in the 13-week study of oral toxicity and with the NOEL
for the closely-related substance CTAB of 20mg/kgbw per day in a 1-year study
of toxicity in rats, the margin of safety is at least 4000.
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5. EVALUATION

The Committee allocated an ADI ‘not specified’ to hexose oxidase from the
recombinant strain of Hansenula polymorpha when used in the applications speci-
fied and in accordance with good manufacturing practice. The Committee con-
cluded that the presence of LTAB at the concentrations observed in the enzyme
preparation would not pose a safety concern to consumers.
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1. EXPLANATION

Lutein ((all-E,3R,3’R,6’R)-p,e-carotene-3,3’-diol), a naturally occurring xantho-
phyll pigment, is an oxygenated carotenoid that has no provitamin A activity. It
occurs with the isomeric xanthophyll zeaxanthin in many foods, particularly
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Figure 1. Chemical structure of lutein

vegetables and fruit. It is used as a food colour and nutrient supplement in a wide
range of applications at concentrations ranging from 2 to 330 mg/kg.

Xanthophylls obtained from Tagetes erecta L. (marigold) petals were consid-
ered by the Committee at its thirty-first meeting (Annex 1, reference 77). At
that time, tentative specifications were prepared, but no toxicological data were
available and no toxicological evaluation was made. Tagetes extract, containing
xanthophylls at low concentrations, was again considered by the Committee at
its fifty-fifth and fifthy-seventh meetings (Annex 1, references 149, 154) and
the revised tentative specifications (Annex 1, reference 157) were superseded by
full specifications (Annex 1, reference 156). At the present meeting, information
was received on Tagetes preparations with a high lutein content (>80%), which
had been used in a number of toxicological studies. These studies were reviewed
in the safety assessment and allocation of an acceptable daily intake (ADI) for
this product.

2. BIOLOGICAL DATA

2.1 Biochemical aspects

2.1.1 Absorption, distribution, and excretion
(a) Absorption

Xanthophylls may be ingested in either free or esterified forms, although non-
esterified lutein is the subject of the present evaluation. Before absorption, the
esters are hydrolysed by pancreatic esterases and lipases such that only the free
forms are found in the circulation (Wingerath et al., 1995). Once released from the
food matrix as a lipid emulsion, like other non-polar lipids, these compounds must
be solubilized within micelles in the gastrointestinal tract to permit absorption by
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mucosal cells (Erdman et al., 1993). The transfer of carotenoids from lipid emulsion
droplets to mixed micelles depends on their hydrophobicity, as well as pH and
concentration of bile acid (Tyssandier et al., 2001). Other carotenoids, such as
lycopene and xanthophylls, can impair the transfer of B-carotene, but neither -
carotene nor other xanthophylls affect the transfer of lutein (Tyssandier et al.,
2001). The more polar carotenoids, such as the xanthophylls, are preferentially
solubilized on the surface of lipid emulsion droplets and micelles, while the less
polar carotenoids are incorporated into the core area (Borel et al., 1996). This
facilitates the transfer of compounds like lutein and zeaxanthin from the lipid drop-
lets to the aqueous phase. Indeed, it has been demonstrated that xanthophylls are
more readily incorporated into micelles than are other carotenoids (Garrett et al.,
1999, Garrett et al., 2000).

The absorption of carotenoids, including lutein, is potentially affected by the
food matrix in which the carotenoids are consumed, dietary fat, and the presence
of other carotenoids in the diet (reviewed in Castenmiller & West, 1998; Zaripheh
& Erdman, 2002).

The absorption of carotene is higher when fat is present in the diet
(Roodenburg et al., 2000) and lower in disease-induced cases of malabsor-
ption of fat (Erdman et al., 1993). The presence of fat in the small intestine stim-
ulates the secretion of bile acids from the gall bladder and improves the absorption
of carotenoids by increasing the size and stability of micelles, thus allowing a
greater amount of carotenoids to be solubilized. Absorption of carotenoids by
mucosal cells is believed to occur by passive diffusion (Hollander & Ruble, 1978).

After uptake into mucosal cells, carotenoids are incorporated into chylomicrons
and released into the lymphatics. When mucosal cells are sloughed off, carot-
enoids that have been taken up by the cells but not yet incorporated into chylomi-
crons are lostinto the lumen of the intestine. The carotenoids within the chylomicrons
are transported to the liver where they are distributed between the lipoprotein
fractions. In contrast to the less polar carotenoids, a significant fraction of the
xanthophylls is carried in the blood stream by high-density lipoprotein (HDL)
(Romanchik et al., 1995).

The availability of lutein from a diet of mixed vegetables has been shown to
be 67% relative to a that from a diet supplemented with crystalline lutein (van het
Hof et al., 1999a). In another study, the relative bioavailability of lutein and
B-carotene from various spinach products was compared with that from supple-
ments containing 6.6 mg of lutein plus 9.8 mg of B-carotene. The values ranged
from 45-54% for lutein to only 5.1-9.3% for B-carotene (Castenmiller et al., 1999).
Processing, such as mechanical homogenization or heat treatment, has been
shown to increase the availability of B-carotene in vegetables by 18 to 600% (van
het Hof et al., 2000). There is evidence, however, that disruption of the matrix
affects the bioavailability of carotenoids differentially, possibly because of
differences in their lipophilic character. For example, the plasma concentration of
lutein was increased by about 14% when spinach was consumed chopped rather
than whole, while that of B-carotene was not affected (van het Hof et al., 1999b).
The matrices of formulated natural or synthetic carotenoids (e.g. water-
dispersible beadlets, crystalline powders, oils suspensions etc.) and whether
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the compounds are esterified or non-esterified may clearly affect availability
(Swanson et al., 1996; Boileau et al., 1999).

The presence of dietary fibre may explain, at least in part, the low availability
of carotenoids from plant foods. It has been suggested that fibre interferes with
micelle formation by partitioning bile salts and fat in the gel phase of the fibre.
Riedl et al. (1999) tested the effects of pectin, guar, alginate, cellulose or wheat
bran on the availability of lutein in six healthy female volunteers. All the fibres sig-
nificantly reduced the plasma concentrations of lutein, with a range of 40 to 74%.
Another study, however, indicated that pectin had no effect on serum concentra-
tions of lutein after administration of a diet supplemented with liquefied spinach
(Castenmiller et al., 1999).

Because the absorption of carotenoids occurs via incorporation into mixed
micelles, ingestion of fat affects their availability. The amount of dietary fat required
to ensure absorption of carotenoids seems to be low (3-5g/meal), although it
depends on the physico-chemical characteristics of the carotenoids ingested. In
one experiment, the plasma concentration of lutein, added as esters, was about
100% higher when lutein was consumed with 359 of fat than with 3g of fat (van
het Hof et al., 2000). The low amount of fat may have limited the solubilization of
lutein esters and/or the release of esterases and lipases (Roodenburg et al., 2000).
Bioavailability of carotenoids is also affected by the absorbability of the dietary fat
(Borel et al., 1998). Sterol and stanol esters apparently have no effect on absorp-
tion of lutein (Raeini-Sarjaz et al., 2002). Egg yolk is a source of highly bioavailable
zeaxanthin and lutein. The lipid matrix of the egg yolk, containing cholesterol, tria-
cylglycerols and phospholipids, provides a vehicle for the efficient absorption of
xanthophylls (Handelman et al., 1999).

Interactions between carotenoids may decrease absorption. Competition for
absorption may occur at the level of micellar incorporation, intestinal uptake, lym-
phatic transport or at more than one level. Alternatively, simultaneous ingestion of
various carotenoids may induce an antioxidant-sparing effect in the intestinal tract,
resulting in increased levels of uptake of the protected carotenoids. It has been
demonstrated that in the presence of large amounts of B-carotene, chylomicrons
preferentially take up xanthophylls rather than -carotene from the intestinal lumen
(Gartner et al., 1996). An inhibitory effect of dietary lutein on the absorption of f3-
carotene has been observed when the carotenoids were measured in plasma
lipoproteins (van den Berg, 1998; van den Berg & van Vliet, 1998). In another
study, healthy volunteers were given single oral doses of 15mg of lutein derived
from marigold extract either alone or together with 15mg of B-carotene derived
from palm oil. The inclusion of B-carotene reduced the area under the curve of
concentration—time (AUC) for lutein to 54—61% of that for lutein administered alone
(Kostic et al., 1995). In the same study, while lutein appeared to slow the initial
absorption of B-carotene, lutein did not have any significant effect on the plasma
concentration of B-carotene at the main peak or on the AUC value for B-carotene.
Indeed, lutein enhanced the AUC value for B-carotene in subjects whose AUC
value for B-carotene only was the lowest. In a similar study to investigate the
interactions between B-carotene and dietary lutein, healthy male subjects on con-
trolled diets were given capsules containing purified -carotene at a high daily dose
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(12 or 30mg/day, corresponding to 0.2 or 0.5mg/kgbw per day) for 6 weeks.
Plasma concentrations of lutein in the group receiving -carotene were decreased
compared with baseline and were significantly lower than the levels reported in
control groups given a placebo (Micozzi et al., 1992). Another study showed that
the post-prandial appearance of vegetable-borne carotenoids in chylomicrons is
competitive, but that this did not affect the plasma concentrations of the carot-
enoids after 3 weeks of feeding (Tyssandier, et al., 2002). Van den Berg (1999)
has concluded that, in general, long-term supplementation with B-carotene has
limited or no effect on plasma or serum concentrations of other carotenoids.
However, in the o-Tocopherol and B-Carotene Cancer Prevention Study Grou
(ATBC Study), a total of 29133 male Finnish smokers aged 50-69 years were
given daily supplements of 20mg of B-carotene (0.3mg/kgbw per day) for an
average of 6.7 years. Significantly decreased serum concentrations of lutein (no
changes in concentrations of zeaxanthin) were observed in comparison with
groups that did not receive supplements containing -carotene (Albanes et al.,
1997).

In contrast to the interactions observed between lutein and B-carotene during
absorption, supplementation with lycopene (5 mg/day from whole tomatoes, tomato
juice, or gel capsules containing tomato oleoresin) reportedly had no effect on the
plasma concentrations of lutein or zeaxanthin in a 6-week intervention study in 22
healthy female volunteers (B6hm & Bitsch, 1999).

In addition to the factors already described, the isomeric form (cis versus trans)
of the carotenoids may affect their absorption. Lutein and zeaxanthin occur in
nature predominantly in the all-trans configuration. Small amounts of cis isomers
of each carotenoid, however, have been isolated from human serum (Krinsky et
al., 1990; Khachik et al., 1999). It is not known whether the presence of cis isomers
in human serum is exclusively due to their selective uptake and absorption from
the diet, or whether they are the product of in vivo isomerization of all-trans lutein/
zeaxanthin in the presence of gastric acids. Snodderly et al. (1990) investigated
the major carotenoid pigments in the plasma and in a common, non-purified diet
for macaques and squirrel monkeys. In the diet, both lutein and zeaxanthin were
abundant in the all-trans, the 9-cis, and the 13-cis isomers. In the plasma, however,
the 9-cis isomer was rarely detectable, while the 13-cis isomer was found in higher
proportions than in the diet. These results suggest that either the isomers are
absorbed selectively, or that isomerization processes occur in the animal gut.

A number of non-dietary factors also affect the availability of carotenoids,
including exposure to tobacco smoke, alcohol consumption, intestinal parasites,
malabsorption diseases, liver and kidney diseases, hormone status, poor intake
of iron, zinc and protein, gastric pH and hyperthyroidism (Albanes et al., 1997;
Williams et al., 1998; Patrick, 2000; Alberg, 2002).

(b)  Pharmacokinetic studies

Pharmacokinetic studies with lutein have been performed in mice, rats, cows
and humans.
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Mice

In a study designed to investigate the uptake of lutein and zeaxanthin, groups
of 36 BALB/c mice received diets containing an extract of marigold petals for up
to 28 days (Park et al., 1998a). Based on data on food intake and body weight,
intakes of lutein for each group corresponded to approximately 0, 75, 150, 300, or
600mg/kgbw per day, while intakes of zeaxanthin were approximately 0, 1.0, 2.0,
4.0, or 8.0mg/kgbw per day, respectively. Six mice per group were killed on days
0, 3, 7, 14, 21 or 28. Body, liver and spleen weights did not differ between the
treated group throughout the experiment. Plasma uptake of lutein and zeaxanthin
(analysed together in all cases) was rapid and reached a maximum (about 3 umol/l)
by day 3 of dosing (the first time-point examined after the start of dosing) and did
not differ between groups thereafter. Until day 3 there was also a rapid increase
in concentrations of lutein and zeaxanthin in the liver and spleen, with continued,
although small, increases to day 28. The liver was considered to be the major
storage organ for lutein and zeaxanthin.

Rats

The absorption, distribution and excretion and plasma kinetics of ["*C]lutein
given as a single oral dose at 2mg/kgbw were investigated in groups of three
female RoRo SPF rats per time-point (Wendt et al., 2000). The synthetic radio-
labelled compound was diluted with nonradiolabelled lutein purified from marigold
petals, and was formulated as a beadlet containing an emulsion of gelatin and
vegetable oil. Lutein was rapidly absorbed from the intestinal tract, resulting in
peak plasma concentrations within 4h after dosing. About 80% of the dose was
recovered from the faeces and 11% from the urine within 96 h after dosing. Of the
radiolabel excreted, 80% was recovered within 24 h. Low tissue concentrations of
radiolabel indicated that lutein and/or its metabolites did not accumulate. With the
exception of the intestinal tract, kidneys and liver, radiolabel was present in all
tissues at all times at <0.01% of the administered dose. Residual radioactivity in
the carcass and dissected tissues was negligible (0.23%). From the data on excre-
tion, absorption was estimated to have been 11.3%.

The pharmacokinetics and tissue distribution of ["*C]lutein were investigated in
groups of five male and five female Wistar rats, following a single dose of 2 or
20mg/kgbw administered by gavage (Froescheis et al., 2001). Before administra-
tion of ["“C]lutein, the rats had been maintained on a diet containing 2 or 20mg/
kgbw per day nonradiolabelled lutein for 2 weeks to establish steady-state condi-
tions. The nonradiolabelled lutein was administered in the diet as a beadlet formu-
lation. The absorption of the ['“C]lutein was rapid, with peak plasma concentrations
reached within 3 to 4 h at either dose. The pharmacokinetics of lutein were not
linear with a tenfold increase in dose resulting in an increase of approximately
twofold in the maximum plasma concentration of radioactivity. Elimination from
plasma was not complete by 48h. At 4h after dosing, the majority of tissues had
been exposed to low levels of radiolabelled lutein, maximum tissue concentrations
having been reached at this time-point. Highest concentrations were found in the
liver and gastrointestinal mucosa. Concentrations of lutein at 96 h after dosing were
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below the limit of detection in all tissues examined except the liver. There was no
evidence for accumulation of lutein in any tissue. Most radiolabelled lutein was
eliminated in the faeces (>90% and >65% of the administered dose for males and
females, respectively, within 48h of dosing), with urinary and biliary excretion
accounting for <6% and <2% of the administered dose. There was negligible
(<0.1%) recovery of radiolabel from expired air. Excretion was slightly more
prolonged in females than males. Increasing the dose had minimal effects on
the absorption or the rates and routes of excretion. There were no significant
differences between males and females.

Plasma and liver concentrations of lutein were assessed as part of a 4-week
study of toxicity, which complied with good laboratory practice (GLP). Groups of
six male and six female Wistar rats received crystalline lutein formulated as bead-
lets (actual doses achieved were 85—-115% of target doses) at dietary doses of 0,
2, 6, 20, 60, 200, or 600mg/kgbw per day (Buser et al., 1999; Simpson, 1999).
The lutein was extracted from marigold petals. There was a dose-dependent,
almost linear increase in plasma concentrations of lutein. A tenfold increase in dose
between 20 and 200mg/kgbw resulted in a two- to threefold increase in plasma
concentrations. Plasma steady state conditions were reached by day 3 (plasma
concentrations were below the limit of detection at the lowest dose, and there were
insufficient data at the next higher dose of 6 mg/kgbw per day). Liver tissue deter-
minations revealed a dose-dependent increase in concentrations of lutein, and
suggested that saturation was reached at 200 mg/kgbw per day. There were no
relevant sex differences in plasma concentrations, but the liver content of lutein
was 1.5-3-fold higher in females than in males in the three groups receiving the
highest dose.

The absorption of lutein was investigated in groups of 15 male weanling Fischer
344 rats maintained on diets supplemented with lutein for 8 weeks (Jenkins et al.,
2000). Lutein (extracted from marigolds) was formulated with 2.2% vitamin E (o-
and y-tocopherols) in beadlets delivering lutein at a dose of 0, 2.1 4.3, 8.6, 17.8
or 34.7mg/day. The apparent absorption of lutein was estimated to range from
28.7% at highest dose to 43.1% at the lowest dose, based on intake and the faecal
excretion of lutein. The limited absorption at higher intakes was reportedly due, in
part, to factors such as solubility (i.e. limited capacity for micellar incorporation).
There were significantly increased plasma concentrations of lutein in animals fed
the two higher doses, and increases in liver and spleen concentrations of lutein
with increasing dietary intake. The relative distribution of lutein between the liver
and spleen was approximately 95 and 5%, respectively, with no lutein detected in
the heart, lung, kidney, testes, or brain, the only other organs examined.

Cows

Six calves were fed milk replacer for 1 week, and then were given a single oral
dose of 20mg (about 0.4 mg/kgbw) of crystalline lutein from marigold petals (con-
taining small amounts of zeaxanthin) in olive oil (Bierer et al., 1995). The calves
showed increased plasma concentrations of lutein that peaked at 12h after dosing,
declined rapidly thereafter, and levelled out at approximately 72h.
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Humans

Concentrations of lutein and zeaxanthin in serum and tissues have been shown
to be quite variable (Boileau et al., 1999), but to increase, as expected, with
increased intake either from dietary sources or from supplements (e.g. Hammond
et al., 1997; Landrum et al., 1997a, 1997b; Carroll et al., 1999; Miiller et al., 1999;
Tucker et al., 1999; Berendschot et al., 2000; Johnson et al., 2000; Curran-
Celantano et al., 2001; Olmedilla et al., 2001; Schalch et al., 2001; Bone et al.,
2003). In a population-based study, Brady et al. (1996) reported that lower serum
concentrations of lutein and zeaxanthin are generally associated with males,
smoking, younger age, lower HDL cholesterol, greater consumption of ethanol and
higher body mass index. Carotenoids are present in variable amounts in many
tissues such as kidneys, buccal mucosal cells and adrenal glands, but the main
sites of storage are adipose tissue and liver (Parker, 1996). As in serum, 3-carotene,
lutein and lycopene are the main carotenoids found in tissues, although B-crypto-
xanthin and zeaxanthin are also present in significant amounts (Boileau et al.,
1999). The eye in general, and the retina in particular, contain extraordinarily high
concentrations of zeaxanthin and lutein (Bone et al., 1993). Other carotenoids are
present in only trace amounts in the retina and lens (Khachik et al., 1997a, 1997b,
Yeum et al., 1999, Bernstein et al., 2001). Zeaxanthin and lutein are the pigments
responsible for the colouration of the macula lutea (yellow spot) (Landrum & Bone,
2001). In humans, the administration of lutein or lutein esters extracted from mari-
gold petals at doses of 0.2 to 0.5 mg/kg bw has been shown to result in accumulation
of lutein in the macula, as evidenced by an increase in the macular pigment density
(Landrum et al., 1997a, 1997b; Berendschot et al., 2000; Duncan et al., 2002).

Plasma concentrations of lutein and zeaxanthin were measured in a small pilot
study in groups of eight volunteers (four men and four women) after daily supple-
mentation with capsules containing either 4.1 mg of crystalline lutein (with 0.34mg
of zeaxanthin) or 20.5mg of lutein (with 1.7mg of zeaxanthin) for 42 days (Cohn
et al., 2001). Subjects were monitored for a further 25 days after the dosing phase.
Steady-state concentrations of xanthophylls were reached between days 38 to 43
(0.06 umol/l and 0.13umol/l for the lowest and highest doses, respectively). Dose-
normalized incremental maximum and average steady-state concentrations of
lutein and zeaxanthin were found to be comparable, indicating that they have
similar bioavailability. The elimination half-life was calculated to be approximately
5—7 days for either compound.

In studies of the absorption of lutein administered as a supplement in single
doses, a number of investigators have noted considerable interindividual variability
in the efficiency of absorption, on the basis of plasma concentrations of lutein fol-
lowing supplementation (Kostic et al., 1995; Burri & Neidlinger, 2000; Torbergsen
& Collins, 2000).

When absorption of lutein was measured in the triacylglycerol-rich fraction of
the blood of three men and three women fed with a standard meal after an over-
night fast and given lutein at a dose of 31.2mg (about 0.4 mg/kgbw, based on the
mean body weight of 75.4kg in these individuals), peak concentrations of lutein
were observed 2h after dosing (O’'Neill & Thurnham, 1998). This peak concentra-
tion occurred earlier than for B-carotene or lycopene.
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Serum levels of lutein were measured in eight adult subjects (males and
females) given single doses of 0.5 umol/kgbw (about 0.3 mg/kgbw, or about 17 mg
per 60kg adult) of crystalline lutein from marigold extract in corn oil (Kostic et al.,
1995). A mean peak serum concentration of about 0.7 umol/l was reached at 16h
after dosing, followed by a moderate decline to about 50% of the peak in the sub-
sequent 120h, then a slow decline to baseline levels at 440h. B-Carotene was
shown to reduce the rate of absorption of lutein. Similarly, plasma concentrations
of radiolabelled lutein from an algal source measured in four women given 3mg
of ['3C]lutein (0.05mg/kgbw for a 60kg adult) showed a mean peak concentration
of about 0.007 umol/I that was reached between 11 and 16 h after dosing, followed
by a moderate decline to about 50% of the peak concentration in the subsequent
100h, then a slow decline to baseline levels within about 500h (Yao et al.,
2000).

In three studies, repeated dosing of lutein from marigold petals formulated
either in capsules or mixed in oil resulted in dose-dependent increases in plasma
concentrations of lutein that were observed at least 7 days after dosing at 10 to
20mg/day. In one of these studies, doses of 4 or 20mg were administered to 16
healthy volunteers for 42 days (based on mean body weights for each group, the
doses were about 0.1 and about 0.3mg/kgbw per day, respectively) (Schalch et
al., 2001). Plasma concentrations of lutein were observed to be about three and
about eight times greater than those in untreated controls. Plasma concentrations
were nearly at baseline levels 25 days after the end of dosing for the group receiv-
ing the lower dose, but were still noticeably greater than baseline in the group
receiving the higher dose. At the lower dose, subjects continued to show increasing
plasma concentrations of lutein up to day 42, but many subjects at the higher dose
showed peak concentrations at earlier time-points. Similarly, three males receiving
doses of 10mg lutein/day for a total of 18 days (about 0.2mg/kgbw per day based
on a 60kg adult) showed four- to fivefold increases in plasma concentrations of
lutein compared with baseline by day 7 of dosing (Khachik et al., 1995a). In another
study, five male and three female subjects received 15mg of lutein/day for 7 days
(about 0.25mg/kgbw per day, based on a 60kg adult) (Torbergsen & Collins,
2000). The lutein was in capsule form and contained 80% all-trans-lutein and 20%
cis-luteins. By day 7, plasma concentrations of lutein had increased two- to three-
fold compared with baseline levels, decreasing to near-baseline levels after 3
weeks of wash-out.

The kinetics of carotenoid depletion and elimination have been investigated in
19 healthy women (Burri et al., 2001) and 12 healthy men (Rock et al., 1992) fed
controlled low-carotenoid diets for approximately 10 and 13 weeks, respectively.
In females, the decline in serum concentrations of all carotenoids (including lutein
and zeaxanthin) followed apparent first-order kinetics, and approached a steady-
state level after about 30 days, indicating an elimination half-life of about 6 days.
The authors analysed these data and derived half-lives for lutein and zeaxanthin
of 76 and 38 days, respectively (Burri et al., 2001). In males, there were significant
decreases in concentrations of all carotenoids, including lutein and zeaxanthin, up
to days 14-15, followed by a slower decline to days 63-64 that may be indicative
of two pools, with one pool having a more rapid rate of turnover. Concentrations
of lutein and zeaxanthin in the final sample of plasma (days 63—64) averaged 40%
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of the initial concentration, and the mean plasma depletion half-life for lutein and
zeaxanthin (combined) was estimated by the authors to be between 33 and
61 days.

In a study of 41 patients with biliary and pancreatic diseases and 14 healthy
controls, there was a non-statistically significant trend toward decreased concen-
trations of lutein in plasma and bile in diseased patients compared with controls
(Leo et al., 1995). It is clear, however, that carotenoids, including lutein/zeaxanthin,
undergo appreciable biliary secretion. In addition, it was noted that biliary concen-
trations of carotenoids reflect plasma concentrations in both normal and pathologi-
cal conditions. Interference with biliary secretion did not result in plasma retention
of carotenoids.

2.1.2 Biotransformation

A number of compounds derived from lutein and zeaxanthin have been identi-
fied in human serum (Figure 3) (reviewed by Khachik et al., 1995a). These are
called ‘metabolites’, but they are undoubtedly formed by chemical rather than
enzymic reactions. The metabolites result principally from three types of reactions
involving the end groups of these carotenoids — oxidation, reduction and double-
bond migration (Figure 3). Lutein and zeaxanthin can exist in an equilibrium involv-
ing the intermediate carotenoid 3’-epilutein. Allylic oxidation of lutein at C3 results
in the formation of oxolutein B that can exist in equilibrium with lutein and 3’epi-
lutein through reduction reactions. 3’-Epilutein and zeaxanthin can also exist in
equilibrium through reversible double-bond migration. Thus, presence of 3'-
epilutein in human serum may be due to conversion of lutein and/or zeaxanthin.
Acid-catalysed dehydration is another reaction of carotenoids with 3-hydroxy-e end
groups. Lutein is believed to undergo dehydration in stomach acid to form 3-
hydroxy-3’,4’-didehydro-f,y-carotene and 3-hydroxy-2’,3’-didehydro- [3,e-carotene
(anhydroluteins) that have been isolated from serum. In addition to their presence
in human serum, these metabolites have also been detected in breast milk as well
as retinal extracts (Khachik et al., 1995b; Khachik et al., 1997a, 1997b, 1997c).
The toxicological importance of these compounds is not known.

2.1.3  Effects on enzymes and other biochemical parameters

The xanthophylls are precursors of retinol. Indeed, they have been shown to
have little or no activity as substrates of 3-carotene-15,15’-dioxygenase, although
they are able to inhibit the conversion of 3-carotene to retinol (Ershov et al., 1993;
van Vliet et al., 1996; Grolier et al., 1997). However, in a rat model, Weiser &
Korman (1993) showed that the xanthophylls have small but significant provitamin
A activity (4-5% of the activity of B-carotene), probably via a vitamin A-sparing
effect. Furthermore, Weiser & Korman reported that dietary zeaxanthin is able to
induce duodenal 15,15’-dioxygenase activity in 1-day-old chicks.

The effects of lutein (oleoresin extracted from marigold petals) on cytochrome
P450 and glutathione-S-transferase enzyme activity in the liver, lung, kidney, and
small intestine were measured in male Wistar rats after 16 days of dietary supple-
mentation (Jewell & O’Brien, 1999). Groups of eight animals received (i) a basal



LUTEIN FROM TAGETES ERECTA L. 59

Figure 3. Proposed reactions of lutein and zeaxanthin in humans
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diet that had not been supplemented with lutein (negative controls); or (ii) a basal
diet supplemented with lutein to provide a dose of approximately 45mg/kgbw per
day; or (iii) a basal diet supplemented with 3-methylcholanthrene (3-MC) (positive
controls). There were no changes in feed intake, body-weight gains, or organ
weights after dietary supplementation with lutein. As expected, lutein content was
increased in the tissues examined. However, cytochrome CYP450 activities —
ethoxyresorufin-O-deethylation =~ (EROD), = methoxyresorufin-O-demethylation
(MROD), benzyloxyresorufin-O-dearylation (BROD) and pentoxyresorufin-O-
depentylation (PROD) — were not induced in the liver, kidneys, or lungs after
supplementation with lutein, and BROD activity was significantly decreased in the
lung. CYP450 enzyme activities were undetectable in the small intestine. Supple-
mentation with lutein had no effect on glutathione-S-transferase activity or gluta-
thione levels in any of the tissues examined.

In another study, the effects of dietary exposure to lutein (extracted from mari-
gold petals) on xenobiotic metabolizing enzymes in the liver were investigated in
male SPF Wistar rats (Gradelet et al., 1996). Two groups of six animals received
diets containing corn oil (control) or 10% lutein oleoresin (mixed with corn oil) at
300mg/kg of diet for 15 days. Based on reference body weight and data on feed
intake (Blackburn, 1988), this corresponded to a dose of lutein of approximately
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2.8mg/kgbw per day. Total microsomal P450 and associated cytochrome c
reductase activities, as well as EROD, MROD, PROD, BROD, erythromycin N-
demethylase (ERDM) and N-nitrosodimethylamine N-demethylase (NDMAD), p-
nitrophenol- and 4-hydroxybiphenyl UDP glucuronosyl transferases (4NP-UGT and
4-HBT-UGT), and total cytosolic glutathione-S-transferase activity were measured.
There were no changes in feed intake, body weights, or organ weights throughout
the 15-day feeding period. Lutein was present in liver microsomes (approximately
0.3nmol/mg of protein), but did not induce any significant changes in any of the
phase | or phase Il enzymes.

In humans, plasma concentrations of lutein have been negatively associated
with the activity of CYP1A2 (caffeine test), a liver enzyme involved in the metabolic
activation of a number of human carcinogens (Le Marchand et al., 1997).

22 Toxicological studies
2.2.1  Acute toxicity

In a study of acute toxicity, which complied with GLP, groups of three female
or three male Hanlbm:WIST rats were given lutein (purified plant extract containing
70-85% lutein) at a dose of 2000 mg/kg bw by oral gavage in a polyethylene glycol
(PEG 300) vehicle. No deaths occurred during the study and no other treatment-
related effects were observed. On the basis of the lack of lethality observed in this
study, the median lethal dose (LDs,) for orally-administered lutein in rats was esti-
mated to be >2000 mg/kgbw (Pfannkuch et al., 1999).

2.2.2  Short-term toxicity
Mice

In a study designed to investigate the absorption of dietary lutein, groups of 36
BALB/c mice were given diets containing lutein esters from marigold extract (37%
lutein esters and 0.5% zeaxanthin esters) for up to 28 days. Based on reported
food intake and body weight data, daily intakes of lutein corresponded to approxi-
mately 0, 75, 150, 300, or 600 mg/kgbw respectively, and, taking into account the
composition of the marigold extract, daily intakes of zeaxanthin corresponded to
approximately 0, 1.0, 2.0, 4.0, or 8.0mg/kgbw, respectively. Six mice per group
were killed on days 0, 3, 7, 14, 21 and 28. No differences in body, liver, or spleen
weights among treatment groups were reported, and there were no significant dif-
ferences in feed intake throughout the experimental period (Park et al., 1998a).

Rats

In a study of oral toxicity, which complied with GLP, groups of six male and six
female Wistar rats were given diets containing lutein from marigold petals at target
doses of 0, 2, 6, 20, 60, 200, or 600mg/kgbw per day in a beadlet formulation
containing gelatin and vegetable oil for 28 days. Actual doses based on food con-
sumption were 85—115% of the target doses. Furthermore, on the basis of accom-
panying analyses of plasma concentrations at weeks 2 and 4 and determinations
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of lutein content in the liver at termination, which showed dose-dependent increases
in concentrations of lutein, it was considered that rats had been adequately exposed
to lutein in this study (Buser et al., 1999). No exposure-related mortality was
reported. There were no effects of dietary lutein on body weights, feed consump-
tion, haematology, clinical chemistry parameters, organ weights (selected organs),
or gross pathology at necropsy. Histopathological findings were limited to histiocyte
foci in the mesenteric lymph nodes of some animals (particularly females) at the
highest dose. The foci were characterized as discrete subcapsular aggregations
of macrophages with abundant cytoplasm containing varying levels of red granular
material. These foci were considered to be related to physiological uptake of lutein,
and were not considered by the investigators to be reflective of specific target
organ toxicity. The mesenteric lymph nodes from animals in the other treated
groups were comparable to those of animals in the control group. The no-observed-
effect level (NOEL) in this 28-day study in rats was 600 mg/kgbw per day, the
highest dose tested (Simpson, 1999).

The oral toxicity of lutein was evaluated in Wistar rats in a 13-week study that
complied with GLP. Rats received target doses of lutein (from marigold petals
containing about 79 and 5% lutein and zeaxanthin, respectively) of 0, 2, 20, or
200mg/kgbw per day formulated as beadlets incorporated into the diet. Actual
doses were 99-101% of target doses for placebo and treated animals. Background
concentrations of lutein and zeaxanthin in the diet were 0.5-1.4 and 0.2-0.4 mg/kg,
respectively. There were 10 animals of each sex per group at the lowest and
intermediate doses, and 15 animals of each sex per group for the control group
and at the highest dose, owing to the inclusion of 5 animals of each sex per group
for a 4-week recovery phase. There were reported to be no treatment-related
deaths, clinical signs, or adverse effects. There were no significant changes in
body-weight gain, feed intake, or haematology or clinical chemistry parameters. A
battery of tests for neurotoxicity and ophthalmoscopic observations did not indicate
any changes attributable to treatment. Mean absolute organ weights were not
different between treatment and control groups in either the main study or in the
animals in the recovery phase. There were no treatment-related, biologically sig-
nificant macroscopic or microscopic abnormalities reported in any of the animals,
except for occasional incidences of vacuolation in the liver and tubular degenera-
tion/regeneration in the kidney of some control and treated females. The incidence
and severity of these lesions in treated females was not dose-related, and they
were considered to be associated with blood sampling. Analyses of blood samples
showed the presence of lutein (and zeaxanthin) at dose-related concentrations in
the plasma and liver, and it was considered that animals were adequately exposed
to the xanthophylls under the conditions of the study. The NOEL in this 13-week
study in rats was 200mg/kgbw per day (208 mg of lutein + zeaxanthin/kgbw per
day), the highest dose tested (Pfannkuch et al., 2000a; Pfannkuch et al., 2001;
Kruger et al., 2002).

Monkeys

In a study that complied with GLP and that was designed primarily to investi-
gate the ocular effects of long-term exposure to lutein, cynomologus monkeys
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aged 4-7 years were given lutein (extracted from marigold petals) at doses of 0O,
0.2, or 20mg/kgbw per day by gavage for 52 weeks. The solutions for gavage
were prepared by dispersing beadlets in water. The control was prepared using
beadlets that contained no lutein. There were two males and two females in each
group, with an additional male and female included in the group receiving the
highest dose, which were designated for examination at 6 months. All animals
survived the treatment period. All animals at 20mg/kg per day showed orange/
yellow discolouration of the faeces from day 2 of the study onwards (attributed to
treatment with lutein). There was no effect on overall mean body-weight gain and
on overall group mean feed intake in either of the treatment groups. There were
no treatment-related changes in haematology, blood chemistry, or urine analysis
measurements. There were no changes in data on electrocardiogram waveform
or blood pressure that could be regarded as being related to the administration of
lutein. There were no treatment-related organ weight changes. Most of the animals
showed dark yellow-coloured mesenteric fat at interim sacrifice and golden yellow
mesenteric fat at terminal sacrifice (attributed to treatment with lutein). Histopatho-
logical examinations revealed no treatment-related findings. Comprehensive oph-
thalmic examinations showed no evidence of adverse changes related to treatment.
Animals showed a dose-related increase in plasma and liver concentrations of
lutein. Lutein was thus considered to be well tolerated. The NOEL in this 52-week
study in cynomologus monkeys was 20 mg/kgbw per day, the highest dose tested
(Pfannkuch et al., 2000b, 2000c; Pfannkuch, 2001).

2.2.3 Long-term studies of toxicity and carcinogenicity

No experimental lifetime bioassays or studies of carcinogenicity have been
conducted with lutein. However, lutein has been reported to have chemopreventive
effects in a number of models of tumours in mice and rats (reviewed by Nishino
et al., 2000). The dosing period in all these studies was of shorter duration than
that in the 13-week study of oral toxicity in rats, described above.

The chemopreventive effects of lutein have been examined in models of
tumours in mice and rats given lutein in the diet or by gavage, respectively. In
B6C3F; mice initiated with the colon carcinogen 1,2-dimethylhydrazine and then
given diets containing 0.05% lutein (purity, 95%) for 8 weeks, the number of puta-
tive preneoplastic aberrant crypt foci was significantly decreased compared with
mice not given lutein (Kim et al., 1998).

In another study on formation of aberrant crypt foci, Sprague-Dawley rats were
given three intrarectal doses of methylnitrosourea in week 1 and lutein (unspecified
source) at a daily dose of 6, 1.2, or 0.24 mg by gavage during weeks 2 and 5. The
formation of aberrant crypt foci was significantly reduced at all doses (Narisawa
et al., 1996).

In a model of breast cancer in which BALB/c mice were inoculated with mouse
mammary tumour cells, then given diets containing lutein esters from marigold
petals for 70 days, the incidence of tumours was decreased and tumour latency
was increased in animals fed with lutein at low levels (0.002 or 0.02%) while higher
levels (0.2 or 0.4%) were less effective (Park et al., 1998b).
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In a similar experiment using a transplantable murine mammary tumour, it was
demonstrated that mice consuming diets containing lutein esters from marigold
petals at a level of 0.1 or 0.4% for 3 weeks had significantly fewer tumours and
increased tumour latency than did controls, and the effect was dose-dependent
(Chew et al., 1996).

In all these studies, lutein showed no effect on body weight or feed intake. One
study showed that lutein did not affect spleen weights (Park et al., 1998b), although
decreased liver weights without accompanying histopathological changes were
reported in another study (Kim et al., 1998).

2.24  Genotoxicity

A number of studies that evaluated the potential genotoxicity of lutein in vitro
and in vivo are summarized in Table 1. In these studies, there was no evidence
of genotoxicity. The concentrations and doses in some of the studies were
considered to be low, but the maximum feasible doses were used.

In addition to the tests reported in Table 1, Lutein was evaluated for mutagenic
activity in (Ames) assays for reverse mutation using both the plate incorporation
and the preincubation methods (Kruger et al., 2002). Salmonella typhimurium
strains TA1535, TA97, TA98, TA100, and TA102, with and without metabolic activa-
tion (S9 fraction from rat liver) were used. The dose range of lutein (from marigold
petals containing 79% lutein and 5% zeaxanthin) tested was 15.8—1580ug/plate
in the preincubation and the plate incorporation assays. In addition, lutein in a
beadlet formulation (10%) was tested at concentrations of 158—15800 g/plate in
both the plate incorporation and preincubation assays. No increases in the number
of mutant colonies were observed for any of the five tester strains after treatment
with lutein or lutein as a 10% beadlet, demonstrating that neither formulation is
mutagenic in S. fyphimurium strains. Positive controls verified the sensitivity of the
strains and the activity of the S9 mix. No cytotoxic effects as evidenced by a reduc-
tion of background colony numbers were apparent for any of the strains with the
possible exception of TA102 in the absence of the metabolic activation system.
However, it should be noted that precipitation of the test compound frequently
occurred at concentrations of 50 ug/plate or higher. Thus, the 10% beadlet formula-
tion was not evaluated at the highest concentration of 15800ug/plate due to pre-
cipitation and the 1580 ug/plate dose was discarded for the plate incorporation test
plates.

The ability of lutein to modulate the genotoxic effects of known mutagens has
also been investigated in various studies that are summarized in Table 2.

It is clear from Table 2 that lutein inhibits the activity of known mutagens, both
in vitro (bacterial test systems), and in vivo (micronucleus assay). Rauscher et al.
(1998) proposed that the antimutagenic effects of lutein may be caused by inhibi-
tion of metabolic activation of the mutagens.
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Table 1. Studies of genotoxicity with lutein

End-point Test system Concentration/dose Results  Reference
In vitro
Bacterial reverse S. typhimurium 0.1ml of diluted Negative Yoshikawa
mutation (Ames) TA98 eggplant fruit et al. (1996)
assay with juice extracts
metabolic containing lutein
activation in the methanol
from S9 layer
Bacterial reverse S. typhimurium 25, 50, 75, or 100ul  Negative Rauscher
mutation (Ames) TA98 and of solvent extracts et al. (1998)
assay with TA100 from fruits and
metabolic vegetables
activation Human peripheral containing lutein;
from S9 blood isolated lutein
lymphocytes also tested
Chromosome Negative Chételat et al.
aberration 10% lutein in a (2002a)
beadlet
formulation:
3.9-125ug/ml for
3 or 24h in the
absence of
metabolic
activation, or for 3
and 5h in the
presence of
microsomes from
phenobarbital-
and 5,6-
benzoflavone-ore-
treated rats,
respectively
In vivo
Micronucleus Male NMRI mice  180mg/kgbw per os  Negative Rauscher
formation et al. (1998)
Micronucleus Rat 45, 89, or 178 mg Negative Chételat et al.
formation 10% lutein (2002b)
beadlets/kgbw on
2 consecutive days
Comet assay Human Subjects from whom  Negative Collins et al.
lymphocytes lymphocytes were (1998)

obtained had
consumed 15mg
supplemental
lutein/day for 12
weeks with
measurement at
16 weeks

S9, 9000 x g supernatant from rat liver.
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2.2.5 Reproductive toxicity
(a) Multigeneration studies

No multigeneration studies were available.

(b) Developmental toxicity

In a GLP-compliant study of developmental toxicity, three groups of female
Sprague-Dawley rats (mated when they were aged 10-13 weeks) were given diets
mixed with beadlets containing 10% lutein (from marigold extract; 79% lutein, 5%
zeaxanthin) from day 6 to day 20 of gestation (Edwards et al., 2002). The target
doses of lutein were 250, 500, and 1000 mg/kgbw per day, while the actual doses
administered as measured from data on dietary intake were 252, 535, and 1118 mg/
kgbw per day. A fourth group of 25 mated females received diet containing placebo
beadlets (no zeaxanthin or lutein). Animals at the lowest and intermediate doses
received placebo beadlets in addition to the beadlets containing lutein, to ensure
similarity in the total concentration of beadlets received by all treatment groups.
There was no evidence of an effect of lutein in the dams, but there was an inverse
dose-related reduction in food consumption and in both maternal and fetal body
weight at the lowest and intermediate doses. Study investigators attributed these
findings to decreased palatability of the diet at these doses (the lowest dose would
have contained the highest quantity of the placebo beadlets which were considered
to be less palatable than the beadlets containing lutein). In keeping with this
hypothesis, maternal and fetal body weights in the group receiving the highest
dose (no placebo beadlets) were comparable to those for historical controls. There
were no effects on pre- or postimplantation, embryo-fetal survival, or sex ratios.

Fetuses were examined for visceral and skeletal abnormalities and soft tissue
changes. There was an inverse dose-related increase in forms of reduced ossifica-
tion, but the degree of ossification in the fetuses at the highest dose was similar
to that for historical controls. These findings were considered to be in keeping with
the maternal findings of decreased food consumption in the control group and at
the lowest dose.

There were no adverse effects of treatment with lutein on the incidence of
external or skeletal abnormalities in any group. Minor visceral abnormalities were
observed in one or two fetuses in each of the treated groups, but the incidence of
these changes was similar to that for historical controls and was therefore not
considered to be treatment-related. There was a slight, dose-related increase in
the incidence of rudimentary extra lumbar ribs in the groups receiving the inter-
mediate and highest doses. However, these findings were not considered to be
of toxicological significance owing to the known reversibility of this minor skeletal
finding. Analyses of blood samples showed dose-dependent increases in mean
total plasma concentrations of lutein on days 7 and 16 of gestation. Mean plasma
concentrations were approximately 80% higher on day 16 of gestation than on day
7. These data indicate that animals were adequately exposed to lutein throughout
the experimental period. The NOEL in this study of embryotoxicity/teratogenicity
in rats was 1000mg/kgbw per day, the highest dose tested.
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2.2.6 Special studies
(a) Cardiovascular effects

The effect of supplementation with crystalline lutein (0.2% by weight in the diet)
on atherosclerotic lesion formation has been assessed in apolipoprotein E (ApoE)-
null mice and low-density lipoprotein (LDL) receptor-null mice (Dwyer et al., 2001).
Groups of 10 females of each strain received either diet supplemented with lutein
or basal diet for 8 weeks. Based on reported data on body weight and reference
intake (Blackburn, 1988), the administered dose of lutein corresponded to approxi-
mately 500mg/kgbw per day. Supplementation with lutein was well tolerated, and
there were no adverse effects on body-weight gain throughout the 8 weeks of
exposure. Supplementation with lutein significantly reduced the size of atherscle-
rotic lesions in ApoE- and LDL receptor-null mice, and significantly reduced the
level of lipid hydroperoxides, the levels of very-low-density lipoprotein (VLDL) plus
intermediate-density lipoprotein (IDL), and lysis of erythrocytes in ApoE-null mice.
No significant changes were observed in LDL or HDL levels. On the basis of these
findings, it was concluded that increased intake of lutein protected against the
progress of early atherosclerosis, possibly via an pathway involving antioxidants.

(b) Immune responses
Mice

The effects of lutein on mitogen-induced lymphoproliferation, cytotoxicity, and
interleukin-2 (IL-2) production) were investigated in BALB/c mice given diets con-
taining 0.1 or 0.4% lutein esters from marigold extracts (37% lutein esters and
0.5% zeaxanthin esters) for 2 or 4 weeks (Chew et al., 1996). Based on reported
data on body weight and feed intake, as well as the composition of the marigold
extract, these doses corresponded to approximately 200 and 803 mg/kgbw per
day for lutein, and 2.7 and 10.9mg/kgbw per day for zeaxanthin. No significant
treatment-related differences in body-weight gain or feed intake were reported.
Dietary lutein enhanced phytohaemagglutinin-induced lymphocyte proliferation,
but had no effect on IL-2 production or lymphocyte cytotoxicity.

The effects of lutein on antibody production were investigated in groups of 8—12
young C57B/6J mice primed with T-dependent antigens (sheep erythrocytes)
(Jyonouchi et al., 1994). Mice were injected intraperitoneally with 0.5ml of lutein
in RPMI cell culture medium supplemented with calf serum (10°mol/l; purity,
>97%; 5 x 107'°mol/mouse) 1h before priming, and were euthanized 5 days later.
Based on reference data on body weight (Blackburn, 1988), this corresponded to
a dose of lutein of approximately 31.5ug/kgbw. Spleen cells were isolated and
prepared for the plaque formation cell assay, and spleen weights and cell numbers
were recorded. Exposure to lutein via intraperioneal injection had no effect on
spleen weights. However, compared with control animals, mice exposed to lutein
had significantly enhanced plaque formation (i.e. enhanced antibody formation),
and a significantly increased number of immunoglobulin M (Ig-M)- and Ig-G-
secreting cells, suggesting that lutein may modulate humoral immune responses
to T-dependent antigens.
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The possible effects of lutein on the expression of the pim-1 gene, which is
involved in early activation of T cells and cells of other lineages, were investigated
in BALB/c mice fed diets containing 0, 0.02, or 0.4% lutein for 14 days (Park et
al.,, 1999). Based on reference data on body weight and feed intake (Blackburn,
1988), lutein was received at a dose of approximately 0, 40, or 780 mg/kgbw per
day, respectively. Analyses of samples of plasma and liver collected after 14 days
revealed dose-dependent increases in concentrations of lutein. No external signs
of toxicity were noted in any of the treated mice. Splenocytes isolated from mice
fed with lutein were cultured in the presence of concanavalin A (Con A), showed
a dose-dependent increase in steady-state levels of pim-7 mRNA. This is a poten-
tial mechanism through which lutein may modulate immune function.

Cats and dogs

In similar experiments, the effects of diets containing lutein (crystalline, from
marigold petals containing about 77% lutein and about 5% zeaxanthin) on humoral
and cell-mediated immune responses were investigated in female tabby cats (Kim
et al., 2000a) and female beagle dogs (Kim et al., 2000b). In each study, animals
(56 per species) received basal diets supplemented with lutein at 0, 1 (cats only),
5, 10, or 20 (dogs only) mg/day for 12 weeks. In the cats, these intakes corre-
sponded to doses of lutein of approximately 0, 0.7, 3.5, or 7.1 mg/kgbw per day,
and of zeaxanthin of approximately 0, 0.05, 0.25, and 0.5mg/kgbw per day. In
dogs, these intakes corresponded to doses of lutein of 0, 0.4, 0.9, or 1.75mg/kgbw
per day, and of zeaxanthin of 0, 0.03, 0.06, and 0.12mg/kgbw per day. In dogs
only, blood was collected from weeks 13 to 17 to determine changes in plasma
concentrations of immunoglobulin following second and third challenges. Dietary
supplementation with lutein increased plasma concentrations of lutein in each
experimental animal model, but did not significantly affect changes in body weights.
In cats, there was a significant dose-related increase in delayed-type hypersensi-
tivity response to vaccine, but not to concanavalin A (Con A), and significantly
enhanced Con A- and pokeweed mitogen (PWM)-stimulated proliferation of periph-
eral blood mononuclear cells. At the highest dose (10 mg/day), the percentages of
CD4* and CD21* cells were significantly elevated at week 12, and in the groups
fed lutein at 1 and 10 mg/day, concentrations of IgG were significantly higher from
weeks 8 to 12. In dogs, supplementation with lutein significantly increased the
delayed-type hypersensitivity response to vaccine and phytohaemagglutinin (PHA),
and significantly increased mitogen (PHA, Con A, and PWM)-stimulated prolifera-
tion of peripheral blood mononuclear cells. The percentages of cells expressing
CD5, CD4, CD8 and major histocompatibility complex class Il molecules were
significantly increased, and the production of IgG significantly increased after the
second antigenic challenge. There were no differences in IL-2 production in cats
or dogs throughout the experimental periods. These results suggest that dietary
lutein stimulated both cell-mediated and humoral immune responses in cats
and dogs.
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(c) Ocular toxicity

The long-term ingestion of canthaxanthin at high doses has been shown to
lead to accumulation and crystallization in the retina of humans (Arden & Barker,
1991) and monkeys (Goralczyk et al., 1997), and the question has therefore arisen
as to whether lutein behaves similarly. The effects of lutein on the eye were inves-
tigated in a GLP-compliant study in cynomolgus monkeys treated via oral gavage
with daily doses of lutein (from marigold petals) as a 10% beadlet formulation for
52 weeks (Pfannkuch et al., 2000c; Pfannkuch, 2001). The cynomolgus monkey
was chosen since it was shown to be an excellent model for investigating
the induction and dose-dependency of carotenoid crystal formation in the retina
(Goralczyk et al., 1997; Goralczyk, 2000; Goralczyk et al., 2002). Groups of two
monkeys of each sex were given lutein at a dose of 0 (placebo beadlet), 0.2, or
20mg/kgbw per day; an additional male and female were included in the group
receiving the highest dose. One male and one female at the highest dose were
killed after 26 weeks (6 months). Occasional retinal changes, such as inclusions
in the macula, were observed in some groups of animals, including controls, and
were considered to be unrelated to treatment. Overall, comprehensive ophthalmic
examinations (ophthalmoscopy and biomicroscopy examinations, fundus photo-
graphy, electroretinography (considered to be a very sensitive procedure to detect
early signs of generalized retinal degeneration), and post-mortem examinations of
the right retina (including macroscopic inspection, microscopic pathology under
polarized and bright light for peripheral retina and macula, confocal microscopy of
the macula and histopathological examination of the peripheral retinal) showed no
evidence of treatment-related adverse changes, including no evidence for formation
of crystals in the eyes during or after 52 weeks of treatment with lutein. Dose-
dependent increases in concentrations of lutein were reported in the peripheral
retina. In the central retina and lens, lutein content was markedly increased in
animals at the highest dose, but there was no evidence for crystalline deposits. It
was concluded that cynomolgus monkeys treated with lutein for 52 weeks in at
doses of 0.2 and 20mg/kgbw per day did not show toxic effects on the eye.

(d) Dermal and ocular irritation

Crystalline lutein (76%) extracted from marigold petals was tested in a study
of primary skin irritation in three adult New Zealand white rabbits (Csato & Braun,
1999). The primary irritation score for lutein was 0.00 (maximum potential score
is 8.0) and it was classified as ‘not irritating’ to rabbit skin in this study, which
complied with GLP.

Crystalline lutein (76%) extracted from marigold petals was also tested in a
study of primary eye irritation in three adult New Zealand white rabbits (Csato &
Arcelin, 1999). The primary irritation score for lutein was 0.11 (maximum potential
score is 13.0) and it was classified as ‘not irritating’ to the rabbit eye in this study,
which complied with GLP.
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2.3 Observations in humans
2.3.1 Clinical studies

There have been a number of studies designed to investigate the pharmaco-
kinetics of lutein and zeaxanthin that did not necessarily include safety end-points,
but also did not report any adverse effects of the xanthophylls (see sections 2.1.1
and 2.1.2). Furthermore, a relatively large number of studies in humans has exam-
ined correlations between dietary intake of lutein or zeaxanthin, the effects of
dietary supplements, or serum concentrations of lutein or zeaxanthin and the inci-
dence of age-related macular degeneration, macular pigment density or catarac-
togenesis with varying results (Eye Disease Case—Control Study Group, 1993;
Seddon et al., 1994; Mares-Periman et al., 1995a, 1995b; Khachik et al., 1997b;
Beatty et al., 1999; Chasan-Taber et al., 1999; Lyle et al., 1999a, 1999b; Pratt,
1999; Richer, 1999; Bone et al., 2000; Johnson et al., 2000; Gale et al., 2001;
Schalch et al., 2001; Bone et al., 2003; Gale et al., 2003). These studies will not
be reviewed here, but in many cases, weak inverse associations were found,
although it is apparent that the protective effect of lutein or zeaxanthin against
age-related macular degeneration or cataract formation remains unproven.
Of importance here, however, is that none of these studies reported adverse
effects of lutein/zeaxanthin, including ocular toxicity, although in some cases diets
or supplements containing lutein/zeaxanthin at high concentrations were
consumed.

A few other clinical studies have been performed that are relevant to the safety
evaluation of lutein in humans.

In a multicentre trial, 90 healthy volunteers were given lutein (mixed ester forms
extracted from marigold petals) at 15mg/day, corresponding to a dose of 0.25mg/
kgbw per day, for 20 weeks (Olmedilla et al., 2002). After 20 weeks, there was an
elevation in serum concentrations of lutein (about fivefold) and serum zeaxanthin
(about twofold). Blood samples taken after fasting (collected from a subpopulation
of approximately 16 male and female Spanish subjects at baseline, each month
during the supplementation period, and 3 months after supplementation) showed
no changes in haematological or biochemical parameters or in total cholesterol,
HDL-cholesterol, or LDL-cholesterol levels. Carotenodermia, a yellowish discolou-
ration of the skin that is considered to be a harmless, reversible effect of high
intake of carotenoids (Institute of Medicine, 2000), was observed in 40% of the
Spanish cohort following the intervention period. Carotenodermia was not observed
in the other cohorts from the Netherlands, Northern Ireland, or the Republic of
Ireland (Olmedilla et al., 1997; Granado et al., 1998; Olmedilla et al., 2001).

In a study of the effects of 2-week exposures to the different carotenoids,
including lutein, from foods (tomato juice, carrot juice, spinach) (Mlller et al., 1999),
it was found that daily ingestion of 11.3mg of lutein in a liquid spinach powder
preparation administered daily with meals was well tolerated by all subjects (23
healthy volunteers). There were no significant changes in blood concentration of
haemoglobin, leukocytes, or serum electrolytes (sodium, potassium, chloride).
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In a study designed to examine the effect of the food matrix on the bioavail-
ability of carotenoids, measurements of serum concentrations of cholesterol and
triacylglycerol were included (Castenmiller et al., 1999). After administration of
diets containing crystalline lutein from marigold petal extracts (suspension in veg-
etable oil with B-carotene) at 6.6 mg/day for 3 weeks, no significant differences in
serum concentrations of cholesterol or triacylglycerol were reported in non-obese,
nonsmoking, normolipidaemic men and women (aged 18-58 years) compared with
values for controls.

In a double-blind, parallel, placebo-controlled intervention study to investigate
the effects of significant elevations in plasma concentrations of lutein on fasting
plasma fatty acid profiles, healthy nonsmoking males received daily supplementa-
tion with lutein (lutein-rich marigold extract, encapsulated) at 15mg/day (10 sub-
jects) or placebo (encapsulated corn oil) (11 subjects) for 26 days (Wright et al.,
1999). Blood samples were taken before treatment (baseline) and on day 28 for
analysis of concentrations of long-chain fatty acid. Supplementation with lutein for
4 weeks had no effect on individual fatty acids (14:0, 16:0, 16:1, 18:0, 18:1, 18:2,
18:3, 20:3, 20:4, 20:5, 22:6), total fatty acids, total saturated (S), total unsaturated
(U), monounsaturated (M), or polyunsaturated (P) fatty acids, or on ratios of U:S,
P:S, and M:S fatty acids.

2.3.2 Epidemiological studies

Most epidemiological studies on xanthophylls have addressed the hypothesis
that intake of these compounds is inversely related to development of cancer. A
number of such studies has suggested that dietary xanthophylls may protect
against the development of a variety of cancers including those of the oesophagus,
colon, breast, prostate and lung (e.g. Le Marchand et al., 1995; Freudenheim et
al., 1996; Zhang et al., 1997; Franceschi et al., 2000; Levi et al., 2000; Lu et al.,
2001; Nkondjock & Ghadirian, 2004), although recent studies on breast and lung
cancer have indicated that these compounds are not protective (Terry et al., 2002;
Mannisto et al., 2004).

A recent large prospective study examined the relationship between serum
concentrations of carotenoids and subsequent risk of developing cancers of the
stomach and upper digestive tract in a region of China with epidemic rates of
oesophageal and gastric cancer (Abnet et al., 2003). There was an association
between the incidence of gastric non-cardia cancer and the serum concentrations
of lutein/zeaxanthin derived from normal dietary sources. These observations,
however, are only correlative and, indeed, the results of a Dutch cohort study have
suggested that dietary intake of lutein/zeaxanthin is not associated with risk of
gastric cancer (pathological type not specified), although intakes of retinal and f3-
carotene were positively associated with risk of this cancer (Botterweck et al.,
2000).

In view of the structural similarities between xanthophylls and B-carotene, the
Committee considered the outcome of two trials that showed that supplementation
with B-carotene increases risk of lung cancer in heavy smokers; one study involved
the administration of B-carotene at 30 mg/day plus 250001U of retinyl palmitate in
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18314 smokers, former smokers and workers exposed to asbestos (Omenn et al.,
1996), while in the second study, B-carotene at 20 mg/day with or without 50mg
of o-tocopherol was given to 29133 male smokers (The o-Tocopherol and B-
Carotene Cancer Prevention Study Group, 1994). However, in the light of the
negative results in studies of genotoxicity and the absence of tumour-promoting
activity of lutein, it was considered that these intervention studies with B-carotene
were not appropriate for the risk assessment for lutein.

The results of a number of epidemiological studies, including descriptive, cohort
and case—control studies, suggest that carotenoid-rich diets are associated with
reduced risk of cardiovascular disease (reviewed in Institute of Medicine, 2000).
Furthermore, no adverse outcomes have been reported between increased serum
levels of lutein and zeaxanthin and risk of subsequent myocardial infarction (Street
et al., 1994). Recent epidemiological findings, as well as those from studies in vitro
and in mouse models, support the hypothesis that increased dietary intake of lutein
protects against the development of early atherosclerosis (Dwyer et al., 2001).

3. INTAKE
3.1 Concentrations in foods

A database of concentrations of carotenoids, including lutein and zeaxanthin,
in 120 foods was assembled by Mangels et al. (1993), and was updated by Holden
et al. (1999). It should be noted that the carotenoid content of food is highly variable
and depends on a number of factors, including geographical area and growing
conditions, cultivar or variety, processing techniques, preparation and length and
conditions of storage (Holden et al., 1999, and references therein). Major sources
of lutein/zeaxanthin are leafy green vegetables (e.g. raw spinach, 11.9mg/100g),
corn (boiled, 1.8mg/100g) and green vegetables such as broccoli (raw,
2.4mg/100g), Brussels sprouts (boiled, 1.3mg/100g), green beans (boiled,
0.7mg/100g), and peas (canned, 1.3mg/100g). Although it is not a major part
of the diet in western Europe and North America, kale has the highest lutein/
zeaxanthin content of all foods analysed (raw, 39.5mg/100g).

3.2 Dietary intake

Dietary recall data from 1102 adult women participating in the 1986 Continuing
Survey of Food Intake by Individuals indicate mean intakes of lutein/zeaxanthin of
1.3mg/day with a total carotenoid intake of 6 mg/day (Chug-Ahuja et al., 1993).
Food frequency data from 8341 adults participating in the 1992 National Health
Interview Survey indicate that mean intakes of lutein for men were 2.2 mg/day and
for women 1.9mg/day (Nebeling et al., 1997). The Nutritional Factors in Eye
Disease Study reported mean dietary intakes of lutein/zeaxanthin of 0.7-0.8 mg/
day (VandenLangenberg et al., 1996). In a pooled analysis of seven cohort studies
designed to assess the effect of dietary carotenoids on risk of lung cancer, intakes
of lutein/zeaxanthin were energy-adjusted using the predicted intake of 2100kcal/
day for men and 1600 kcal/day for women (Mannisto et al., 2004). Food consump-
tion was assessed at baseline using a validated dietary questionnaire for each
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study population. For these seven populations, the mean intake of lutein/zeaxan-
thin for men and women combined was 3.7 mg/day (range, 1-6 mg/day).

The estimated mean and 90th-percentile consumption of lutein and zeaxanthin
in a survey of sample foods were 1.71 and 3.01 mg/day respectively in the United
States of America (USA) (DSM Nutritional Products, 2004) (Table 3). Simulations
considering proposed food use levels in the total population of the USA resulted
in estimated mean and 90th-percentile intake of lutein by all users of 7.3 and
13.4mg/day respectively (DSM Nutritional Products, 2004) (Table 3). Kruger et al.
(2002) estimated the intake of lutein/zeaxanthin in the USA using dietary records.
The mean and 90th-percentile intakes of lutein/zeaxanthin were 3.83 and 7.29 mg/
day respectively, and 0.91 and 1.77mg/day respectively from crystalline lutein
product (Table 3). Intake of lutein in 1543 Canadians (aged 18-65 years), esti-
mated by 24 h recall, was 1.41 and 0.57 mg/day (mean and median, respectively)
(Johnson-Down, 2002) (Table 3). Intake of lutein in 76 women (aged 50-65 years)
from the United Kingdom (UK), estimated by the determination of both food intake
and concentrations of lutein was 0.92mg/day (Scott et al., 1996) (Table 3).

Formulations of lutein/zeaxanthin are also available as dietary supplements,
but there are no reliable estimates of intake from these sources.

4. COMMENTS

In rats, peak concentrations of radiolabel in the plasma and tissues occurred
about 4h after a single oral dose of ["“C]lutein. Most of the radiolabel was elimi-
nated via the faeces within about 2 days; very low urinary and biliary excretion
indicated that there was poor absorption from the intestinal tract. Based on data
on faecal excretion, the absorption of lutein was about 30—40% when administered
to rats in the diet as beadlets containing vitamin E (the beadlet formulation was
used to enhance the stability of lutein). Tenfold increases in dose, in the range of
2 to 200 mg/kgbw, resulted in two- to threefold increases in plasma concentrations,
indicating reduced absorption at higher doses. Steady-state plasma concentrations
of lutein were reached by about 3 days after the start of dietary administration of
lutein to rats, indicating that the half-life of lutein is about 1 day.

In humans, peak plasma or serum concentrations of lutein occurred at 11-16h
after administration of a single oral dose. During daily supplementation with 20mg
of lutein/day, steady-state plasma concentrations were reached within about 30
days. This is consistent with an elimination half-life of about 5-7 days.

The food matrix, including its fibre and lipid contents, and the concentrations
of other carotenoids in the diet may influence the extent of absorption of carotenoid
compounds. The relative absorption of lutein from a mixed vegetable diet was
lower than from a diet containing pure lutein. A mixed preparation of lutein and
zeaxanthin did not influence the absorption of B-carotene.

Lutein has an oral LDs, of >2000 mg/kgbw in rats. In a 13-week study in rats,
lutein administered at oral doses of up to 200mg/kgbw, the highest dose tested,
caused no treatment-related effects. In a 52-week study designed primarily to
investigate possible adverse effects on the eye in monkeys, lutein was adminis-
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Table 3. Estimated daily intake of lutein (Tagetes extract)

Country Estimated  Target year Method/ Standards Reference
daily intake compound for use
(mg/person
per day)
New No data 1997 As lutein, Food colour, submitted by
Zealand GMP*food GMP/lowest New Zealand
consumption possible for the
level Committee at
its 63rd
meeting
USA 1.71 1994-1996, Food-uses and DSM Nutritional
(mean), 1998 food Products and
3.01 consumption Nemin Foods,
(90th?) amount, all LC, for the
person, Committee at
including its 63rd
zeaxanthin Meeting (from:
7.3 1994-1996, Food-uses and Dietary
(mean), 1998 food Reference
Intakes,
Institute of
Medicine,
2000)
13.4 consumption
(90th) amount, all
users,
including
zeaxanthin
USA 0.91 1994-1996 From 84% Kruger et al.
(mean), pure (2002)
1.77 crystalline
(90th) product,
lutein +
zeaxanthin
3.83 2000 Dietary
(mean), guidelines,
7.29 natural lutein
(90th) and
zeaxanthin
Canada 1.41 Sept 1997— 24-h food Johnson-Down
(mean), Jul 1998 recall, lutein, et al. (2002)
0.57 for adults
(median) (aged 18-65
years)
UK 0.92 Nov 1988— Determination Scott et al.
(women Oct 1989 of both food (1996)
aged intake and
50-65 concentration
years) of lutein

EU: European Union; GMP: Good manufacturing practice.

& 90th percentile.
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tered at a dose of 0.2 or 20 mg/kg bw per day by gavage. This study was performed
because adverse ocular effects had been seen with canthaxanthin (Annex 1, refer-
ences 78, 89, 117). There were no treatment-related effects on a wide range of
toxicological end-points. Furthermore, comprehensive ophthalmic examinations,
including electroretinography, showed no evidence of treatment-related adverse
changes.

No long-term studies of toxicity or carcinogenicity were undertaken.

Lutein gave negative results in several studies of genotoxicity in vitro and in
vivo. Although the Committee noted that the doses used in these tests were low,
it recognized that maximum feasible doses were used. There was no evidence for
tumour promoting activity in animal models.

In a study of developmental toxicity with lutein in rats, there was no evidence
for toxicity at doses of up to 1000 mg/kgbw per day, the highest dose tested.

In a 20-week multicentre intervention trial with lutein in healthy human subjects,
there were no changes in haematological or biochemical parameters after continu-
ous daily doses of lutein of 15mg (0.25mg/kgbw, assuming a body weight of
60kg). There has been a relatively large number of studies in humans that have
examined correlations between macular degeneration and dietary intake of lutein
or zeaxanthin, intakes via dietary supplements, or serum concentrations. Although
these studies were designed to look for ocular effects, where clinical or biochemical
parameters were also examined, no adverse effects of these xanthophylls were
reported.

Intake

Data on dietary intake from a number of studies in North America and the UK
indicate that intake of lutein from natural sources is in the range of 1-2mg/day
(approximately 0.01-0.03mg/kgbw per day). Simulations considering proposed
levels of use as a food ingredient resulted in an estimated mean and 90th-
percentile intake of lutein plus zeaxanthin of approximately 7 and approximately
13mg/day, respectively. Formulations containing lutein and zeaxanthin are also
available as dietary supplements, but there were no reliable estimates of intakes
from these sources.

5. EVALUATION

In several studies of toxicity, including developmental toxicity, no adverse
effects were documented in animals, including monkeys, or humans. Taking into
account data showing that lutein was not genotoxic, had no structural alert, did not
exhibit tumour-promoting activity, and is a natural component of the body (the eye),
the Committee concluded that there was no need for a study of carcinogenicity.

Lutein has some structural similarities to 3-carotene, which has been reported
to enhance the development of lung cancer when given as a supplement to heavy
smokers. The available data indicated that lutein in food would not be expected to
have this effect. The Committee was unable to assess whether lutein in the form
of supplements would have the reported effect in heavy smokers.
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The 52-week study in monkeys was designed to evaluate ocular effects, and
although there were no adverse toxicological effects at the highest dose tested
(20mg/kgbw per day), this study was considered to be inappropriate for the estab-
lishment of an ADI, in view of the much higher doses used in several other studies
and found to be without effect. The available comparative toxicokinetic data for
humans and rats indicated that the studies of toxicity in rats could be used to derive
an ADI. The Committee concluded that the best study for this purpose was the
90-day study in rats. An ADI of 0-2mg/kgbw was established based on the NOEL
of 200mg/kgbw per day (the highest dose tested in this study) and a safety factor
of 100.

Although the ADI was based on the results of a short-term study, the supporting
data and lack of effects at much higher doses in some studies (e.g. a study of
developmental toxicity), indicated that the safety factor of 100 was appropriate.

In view of the toxicological data and structural and physiological similarities
between the xanthophylls lutein and zeaxanthin, the Committee decided to include
zeaxanthin in the ADI (0-2mg/kgbw) for lutein, which had a stronger toxicological
database, and to make this a group ADI for the two substances. This group ADI
does not apply to other xanthophyll-containing extracts with a lutein or zeaxanthin
content lower than that cited in the specifications.
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1. EXPLANATION

The Committee considered the safety of antimicrobial solutions that are pre-
pared from acetic acid and octanoic acid (singly or in combination), together with
hydrogen peroxide, and using 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP)
as a sequestrant or stabilizer. Preparations that are ready for use also contain as
active compounds the peroxy forms of both acids. Before use, concentrated solu-
tions are diluted to achieve target concentrations of total peroxyacid ranging from
80 to 200mg/kg. These antimicrobial solutions are intended for use as components
of wash solutions on fresh poultry and meat and in wash water for fresh and pro-
cessed fruits and vegetables. After being applied in process water, they are largely
eliminated by drainage, further washing and trimming of products, and evaporation.
The safety of the antimicrobial solutions was therefore assessed on a component-
by-component basis, considering the potential residue of each component or its
breakdown products in food as consumed.

At its seventeenth meeting (Annex 1, reference 32), the Committee allocated
an acceptable daily intake (ADI) ‘not limited™ to acetic acid and its potassium and
sodium salts. This ADI was retained at the forty-ninth meeting (Annex 1, reference
131) when the Committee evaluated a group of flavouring agents (saturated ali-
phatic acyclic linear primary alcohols, aldehydes, and acids) that included acetic
acid.

At its forty-ninth meeting, the Committee evaluated octanoic acid for use as a
flavouring agent as part of the group of saturated aliphatic acyclic linear primary
alcohols, aldehydes, and acids, and concluded that octanoic acid posed no safety
concerns at intakes of up to 3800ug/person per day (or 63ug/kg bw per day,
assuming a body weight of 60kg).

At its twenty-fourth meeting (Annex 1, reference 53), the Committee evaluated
hydrogen peroxide as a preservative and sterilizing agent for use in milk. While
an ADI was not allocated, the Committee noted that hydrogen peroxide should be
used only when better methods of milk preservation were not available.

Peroxyacetic acid and peroxyoctanoic acid, and HEDP have not been previ-
ously evaluated by the Committee.

At its present meeting, the Committee considered a number of studies on the
antimicrobial efficacy of peroxyacid solutions, the toxicity of HEDP, and the effects

' A term no longer used by the Committee, which has the same meaning as ADI ‘not
specified’.
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of peroxyacid solutions on food quality and nutritional value. The Committee also
evaluated estimates of the intake of the individual components in these solutions
for consideration in the safety evaluation.

1.1 Composition of antimicrobial solutions

The composition of four antimicrobial solutions, A-D, are described in Table 1.
The concentrated solutions are diluted before use to achieve target concentrations
of total peroxyacid ranging from 80 to 200 mg/kg.

In manufacturing each antimicrobial solution, measured quantities of each
component are added in a specific order. Hydrogen peroxide reacts with acetic
acid to form peroxyacetic acid, which it thus helps to stabilize. Hydrogen peroxide
also reacts with octanoic acid, when present, to form peroxyoctanoic acid. The
result is an equilibrium solution containing peroxyacetic acid, acetic acid, hydrogen
peroxide, HEDP, and in some cases, octanoic acid and peroxyoctanoic acid. The
concentration of peroxyacids continues to increase for 7-13 days after manufac-
ture. HEDP is needed to ensure the stability of the solution since peroxy com-
pounds are inherently unstable. Once equilibrium is achieved, the solution remains
relatively stable at room temperature for up to 1 year. The main chemical reactions
that occur in the equilibrium solutions are shown in Figure 1.

1.2 Residues of components of antimicrobial solutions

After application, the antimicrobial solutions and their components are largely
lost due to drainage, further washing, trimming and evaporation. Residues of
hydrogen peroxide, peroxyacetic acid, or peroxyoctanoic acid on food rapidly
decompose into water, oxygen, acetic acid and octanoic acid (Figure 1). Small
amounts of acetic acid, octanoic acid and HEDP will remain on the treated com-
modities. Intake assessments for the components of the antimicrobial solutions
are described in section 3.

2. BIOLOGICAL DATA

Antimicrobial mixtures are equilibrium mixtures that are diluted in water prior
to their use in processing food. Hydrogen peroxide in these mixtures will dissociate
into water and oxygen. Although their stability is enhanced by HEDP, both peroxy-
acetic acid and peroxyoctanoic acid are also inherently unstable and will break
down into acetic acid and octanoic acid, respectively. Low residual levels of these
simple organic acids present on food would pose no concern. No residues of per-
oxyacetic acid or peroxyoctanoic acid in these mixtures were expected to remain
on treated foods. Thus, the peroxide components of the peroxyacid antimicrobial
mixtures did not pose toxicological concerns for the uses being considered at
present and the focus of the biochemical and toxicological aspects of this safety
evaluation was HEDP.
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Table 1. Composition of four antimicrobial solutions (A-D) and maximum
concentration of components in ready-to-use solutions (after dilution)

Component Weight of each component in  Maximum concentration of
the solution at equilibrium?® each component in the
(%) solution after dilution® (mg/kg)
A B C D A B C D
Acetic acid 406 494 320 420 985 2000 208° NS
Peroxyacetic acid 12 122 150 120 213° 220° 80 80
Hydrogen peroxide 6.2 4.5 111 40 110 150 59 59
Octanoic acid 3.2 8.8 0.0 10.0 74 300 0 NS
Peroxyoctanoic acid 0.8 14 0.0 3.4 14°¢ 25° 0 NS
1-Hydroxy-ethylidene-1, 0.6 0.6 0.9 0.6 13 13 4.8° 4.8
1-diphosphonic acid
(HEDP)
Water 366 231 4.0 280 — — — —

NS, not stated.

@ At equilibrium, which occurs 7-13 days after manufacture, depending on the temperature
at which the solution is stored.

Solutions A and B are diluted to achieve a target concentration of total peroxyacid of
200mg/kg; to account for variations, maximum values assume that use will result in a
concentration of total peroxyacids of 220 mg/kg. Solutions C and D are diluted to achieve
a target concentration of total peroxyacid of 40 mg/kg; to account for variations,
maximum values assume that use will result in a concentration of total peroxyacids of
80mg/kg.

Concentration of total peroxyacid as peroxyacetic acid = [220] + [(22/160) x 76]; there is
variation of up to 10% in the measured concentration of peroxyacetic acid, due to
differences in equipment for measurement and dispensing.

4 Theoretical value (not based on analysis).

o

°

2.1 Biochemical aspects
2.1.1  Absorption, distribution and excretion

Caniggia & Gennari (1977) published a concise report on the intestinal absorp-
tion and kinetics of **P-labelled EHDP (disodium ethane-1-hydroxy-1, 1 diphos-
phonate; disodium etidronate; referred to as HEDP in this monograph) in humans.
Ten volunteers were given HEDP at an oral dose of 20mg/kg (the carrier dose)
together with 40uCi (1480kBq) of [*2P]HEDP. After 6 days, 70-90% of the admin-
istered dose was found in the faeces. Seven other subjects were given EHDP at
an oral dose of 100 mg (the carrier dose) together with 20 uCi (740kBq) of [**P][HEDP
intravenously. Six days after intravenous administration, 35-50% of the radiolabel
administered was excreted unchanged in the urine, with negligible [*P]HEDP
found in the faeces. There was a rapid decline in the concentration of [*P]JHEDP
in the plasma; after 6 days, <0.03% of the administered dose remained in the
plasma. Although only limited information was published in this report, the results
suggested that orally administered HEDP is poorly absorbed in humans, and that
HEDP may accumulate outside of the blood.
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Figure 1. Main chemical reactions in the equilibrium solutions
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2.1.2 Biotransformation

Michael et al. (1972) studied the absorption, distribution, and metabolism of
HEDP in rats (n = 3 or 4), rabbits (n = 3), dogs (n =2 or 3) and monkeys (n = 3)
after oral administration of '*C-labelled HEDP via intragastric cannula. The doses
administered ranged from 10 to 50mg/kg bw. The authors found that about 90%
of the administered dose was excreted in the faeces of the adult animals. Absorp-
tion, which occurred in the stomach, was <10% in rats, rabbits and monkeys, and
ranged from about 14% in older dogs to 21% in young dogs. Consistent with a
possible age-dependent effect, absorption was somewhat greater in weanling rats.
Some rats had been previously fed HEDP as part of their diet, but such precondi-
tioning did not affect absorption. The authors attempted to identify metabolites in
biological samples obtained from rats and dogs, but they reported that there was
no metabolism of HEDP in either species. In all species, about half the absorbed
dose was excreted unchanged in the urine and the rest was deposited in the bone,
where its half-life in rats was demonstrated to be about 12 days. The results of
these studies, conducted in a variety of species with small numbers of test animals,
were consistent with the data obtained from a small sample of human volunteers.
Collectively, the data indicated that absorption of HEDP from the gastrointestinal
tract is very limited and its metabolism is negligible. Negligible metabolism of
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systemic HEDP could have been due to the fact that carbon—phosphorus (C-P)
bonds are difficult to break.

22 Toxicological studies
2.2.1  Acute toxicity

The available median lethal dose (LDs) values for HEDP administered orally
are summarized in Table 2. Two of these studies, in which high doses of HEDP
were associated with kidney damage in rats and rabbits, are described more fully
below.

Rats

Groups of 10 male and 10 female fasted Charles River CD rats were given
HEDP (as disodium etridronate, the disodium salt of HEDP) by stomach tube, at
one of four doses selected on the basis of an assumed toxicity and dose-response
curve. The LDy, was determined to be 1.34 g/kg bw. Among the surviving animals
that had received a higher dose (1.60 or 1.14g/kg bw) of disodium etidronate, 3
out of 10 were found to have light grey, granular kidneys. Microscopic evaluation
revealed damage to the nephritic tubules. The kidneys of all animals receiving the
lowest dose (0.814 g/kg bw) also showed mild tubular changes. The kidney: body
weight ratios of the animals at the two higher doses were significantly higher than
those of animals at 0.814g/kg bw, as well as being higher than the normal range
(Nixon et al., 1972).

Rabbits

The same procedure was used to determine LDs, values in New Zealand
rabbits. It was found that the susceptibility of rabbits to the acute effects of HEDP
(as disodium etridronate, the disodium salt of HEDP) is a function of age, weight,
and sex. The LD, values ranged from 0.581 to 1.14g/kg bw, and were lower in
males than in females, and lower in mature animals (body weight, >33009) than
immature animals (body weight, about 2500g). No unusual lesions were reported
upon microscopic analysis. About 50% of the surviving animals (in all groups) were
found to have kidney lesions indicative of chronic interstitial nephritis; however,

Table 2. Acute toxicity of HEDP administered orally

Species Sex LDso (g/kgbw) Reference

Rat Not specified 2.40 Monsanto MSDS

Rat M, F 1.34 Nixon et al. (1972)

Rabbit M, F 0.581-1.14 Nixon et al. (1972)

Dog M, F 84.80% Nixon et al. (1972)

Rat M, F 3.13 Younger Laboratories
(1965)

F, female; M, male.
® Value was estimated, due to emesis in some dogs.
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chronic interstitial nephritis is commonly found in the rabbit and it is thus hard to
determine whether the finding was related to treatment (Nixon et al., 1972).

Dogs

The administration of HEDP (as disodium etridronate, the disodium salt of
HEDP) produced an immediate emetic response in some dogs, and it was thus
not possible to clearly define an LDs, value. On the basis of early deaths and
necropsy of animals found in a moribund condition at higher doses (1.0-10.0 g/kg),
however, the LDs, was estimated to be about 1.0g/kg (Nixon et al. 1972).

2.2.2  Short-term studies of toxicity
Rats

In a 91-day feeding study, groups of 20 male and 20 female Charles River CD
rats were fed diets containing HEDP (disodium monohydrate salt) at 0, 0.2, 1.0,
or 5.0% (equivalent to doses of 0, 100, 500, and 2500 mg/kg bw per day). Owing
to severe mortality and weight loss observed at 5.0%, the study of that group was
terminated after 1 week. After conclusion of the study (91 days for groups at 0,
0.2, and 1.0%, and 1 week for the 5.0% group), five males and five females from
each group were randomly selected for necropsy. Histopathological lesions and/or
alterations of blood parameters were observed and appeared to be associated
with gastritis. At 5.0%, gastrointestinal erosions were observed and the kidney : body
weight ratio was high (1.48% and 1.55% for females and males, respectively)
compared with controls (1.11%). No treatment-related changes were observed in
histopathological lesions or blood haematological values at 0.2% or 1.0%. The
kidney :body weight ratio in females at 1.0% was slightly higher (at 0.82%) than
controls (0.64%). All other parameters measured in the study were normal and
similar to those in the controls. Hence, the no-observed-effect level (NOEL) was
1.0%, equivalent to a dose of 500 mg/kg bw per day (Nixon et al., 1972).

A 90-day feeding study in rats was designed to assess the toxicity of HEDP
(crystalline sodium salt characteristic of DEQUEST®2010 phosphonate in the
nature and amount of by-products and impurities). Groups of 15 male and 15
female rats were given HEDP at a dietary concentration of 0, 3000, 10000 or
30000mg/kg of feed (equivalent to 0, 150, 500, or 1500 mg/kg bw per day) of
HEDP. Body weights, food consumption and mortality were determined weekly. At
45 and 90 days, haematology and clinical chemistry parameters were assessed
and urine analysis was performed. The animals were necropsied at the end
of the study and histopathological examinations were performed on tissues from
animals treated at the highest dose only. A high level of mortality was observed at
30000 mg/kg. This finding might be related to the ingestion of HEDP, although it
was possibly the result of trauma induced by blood collection. At 30000 mg/kg,
body-weight gain was inhibited in males. At the highest dose tested, haematology
revealed significant changes, including increased erythrocyte counts in males,
decreased haemoglobin concentration and erythrocyte volume fractions in males
and females, and decreased leukocyte counts at the end of the study in females
only. The lesions observed in histopathological examinations, which were con-
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ducted on animals treated at the highest dose only, were described by the patholo-
gist as being typical of the controls. At 10000mg/kg (500mg/kg bw per day), no
adverse effects were noted in any parameters measured in this study; however,
histopathological examinations were not conducted on rats in the groups given the
two lower doses. The NOEL was 500mg/kg bw per day (Industrial Bio-Test Labo-
ratories, Inc., 1975a).

Dogs

In a 90-day study of toxicity designed to test the effects of HEDP (crystalline
sodium salt characteristic of DEQUEST® 2010 phosphonate in nature and amount
of by-products and impurities), groups of four male and four female beagle
dogs (aged 5 months at the start of the study) were given HEDP at a concentration
of 0, 1000, 3000, or 10000 mg/kg of diet (equivalent to a dose of 0, 25, 75, or
250mg/kg bw per day). Food and water were available ad libitum. Body weights
and food consumption were recorded weekly. Haematology and blood chemistry
parameters were assessed and urine analysis was conducted at the beginning of
the study and at 56 and 85 days. At the end of the study, organ weights were
determined and gross and histopathological examinations were conducted. There
were no adverse effects of the test material on body weight, although food intake
in females at the intermediate and highest doses was decreased compared with
that of the controls. No deaths were reported. Small changes in haematological
parameters (increased erythrocyte counts and decreased mean corpuscular
volume) and variations in blood chemical parameters (serum potassium and mag-
nesium concentrations in males and females, respectively) were noted, but the
effects were inconsistent and were not attributed to treatment. Increased numbers
of leukocytes and crystals were found in the urine of dogs from all treatment groups
at the final analysis. However, this was not considered to be a significant finding
since no changes in the genitourinary system were observed on microscopy. Some
differences were noted in organ weights, including increased brain weights in
females at the intermediate and highest doses and increased thyroid weights in
males at the highest dose. These differences, which were not associated with
microscopic changes in these organs, were not considered to be related to treat-
ment. There were no gross or histopathological changes reported for any of the
tissues or organs examined in this study. The NOEL was 250 mg/kg bw per day
(Industrial Bio-Test Laboratories, Inc., 1975b).

2.2.3 Long-term studies of toxicity and carcinogenicity

Long-term studies to address the toxicity or carcinogenic potential of HEDP
were not available for this evaluation. The publication by Nixon et al. (1972) refers
to data obtained in chronic tests that were “to be published elsewhere”. However,
a literature search failed to reveal any data resulting from traditional long-term tests
of toxicity in animals. One study on the skeletal effects of HEDP administered
subcutaneously to beagle dogs for approximately 1 or 2 years is described below
(see 2.2.6, special study).
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2.24  Genotoxicity

The potential genotoxicity of HEDP was assessed using an assay for reverse
mutation in which five strains of S. typhimurium (TA98, TA100, TA1535, TA1537
and TA1538), were tested, with and without metabolic activation provided by rat
liver microsomes, at doses of 0.001, 0.01, 0.1, 1, 5 or 10ul/plate (in water). The
test article was a commercial product that contained 60% HEDP in aqueous solu-
tion. Aberrations in the background lawn were observed at concentrations of 5 and
10ul/plate, indicating toxicity at the two highest concentrations tested for all five
strains of Salmonella. The tester strains responded as expected to solvent and
positive controls. Under the conditions of the assay, the test article was not muta-
genic (Monsanto Co., 1977).

The potential genotoxicity of HEDP was also assessed by thymidine kinase
(Tk) gene forward mutation assay in mouse lymphoma L5178Y cells, with and
without metabolic activation provided by rat liver microsomes; at doses of 0.064,
0.125, 0.250, 0.500, or 0.600ul/ml in the absence of microsomal enzymes and
0.125, 0.250, 0.500, 0.600 and 0.800 ul/ml in the presence of microsomal enzymes.
The test article, a commercial product that contained 60% HEDP in an aqueous
solution, was the same as that tested in the assay for reverse mutation, but was
in this case diluted in dimethyl sulfoxide (DMSO). At concentrations of >0.5 ul/ml,
cytotoxicity was observed that was greater in the presence of microsomal enzymes.
In the first of the two trials, although control values for spontaneous mutagenesis
were higher than expected, the incidence of mutagenesis caused by HEDP at the
highest concentration tested was more than 2.5 times that for the controls for
spontaneous mutagenesis with microsomal activation. In the second trial, the
incidence of spontaneous mutagenesis was not elevated and the incidence of
mutagenesis caused by HEDP at the highest concentration tested was about twice
that for the controls for spontaneous mutagenesis. The positive controls gave the
expected results. Under the conditions of the assay, the test article did not induce
forward mutation in the mouse lymphoma assay (Litton Bionetics, Inc., 1978).

2.2.5 Reproductive toxicity
Rats

In a combined two-generation study of reproductive toxicity and teratogenicity,
five groups of 22 female and 22 male weanling Charles-River rats were given the
disodium salt of HEDP (disodium etidronate) at a dietary concentration of 0, 0.1
or 0.5% (equivalent to a dose of 0, 50 or 250mg/kg bw per day), either continu-
ously or only on days 6-15 of gestation for two generations. Reproductive end-
points and offspring parameters were analysed in the Fy,, Fy,, and Fy, litters. The
third litter of the F, generation (F;.) and the second litter of the second generation
(F2b) were used in teratological examinations. During the teratology phase, half of
the animals in each group were sacrificed at day 13 and the others at day 21 of
gestation. Body-weight gains were similar for all groups in both generations, and
the overall conception rate was 90%, indicating that the compound did not interfere
with spermatogenesis or ovulation. In the first generation, at the highest dose, the
number of pubs born in the first litter (Fy,) was reduced and there was an increase
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in stillborn pups in the second litter (F;,). The rate of mortality in pups after birth
was low and the weights of pups at day 4 and at weaning were the same. Terato-
logical examination of the third litter (F;;) showed no differences in resorptions or
implantations in females sacrificed at day 13 (corpora lutea were not counted) and
no differences in live fetuses, corpora lutea, or implantation at 21 days. At day 21,
however, significant resorptions were reported in the controls. In the second gen-
eration, the first litters (F,,) were smaller than the litters in the first generation, but
there were no other differences in reproductive parameters. During the teratology
phase, no differences in corpora lutea, implantations, or resorptions were noted in
rats sacrificed at 13 days. In continually fed rats sacrificed at 21 days, the number
of implantations was reduced and corpora lutea formation was depressed at the
highest dose. A decrease in the number of live fetuses at the highest dose, signifi-
cant only in rats fed during gestation, was also observed. The incidence of defec-
tive pups was similar to that in control animals and the study authors concluded
that disodium etidronate was not teratogenic in rats at either dose tested. The
NOEL, based on reduced litter size and decreased number of pups at the highest
dose, was 50mg/kg bw per day (Nolen & Buehler, 1971).

Rabbits

In a combined study of reproductive toxicity and teratogenicity in rabbits, two
separate experiments were conducted. In the first experiment, four groups of 25
virgin New Zealand white rabbits were given HEDP (as an aqueous solution of
disodium etidronate) at a dose of 0, 100, 250 or 500 mg/kg bw per day via intuba-
tion on days 2—-16 of gestation. The rabbits were inseminated (day 1) and dosing
commenced before implantation (day 7). After 4-5 consecutive doses of HEDP at
500 mg/kg bw per day, the pregnant rabbits died. Four rabbits survived three daily
doses of HEDP at 500 mg/kg bw per day and these animals subsequently received
HEDP at 250mg/kg for the rest of the study. At a dose of 100 mg/kg bw per day,
HEDP caused a 68% reduction in the conception rate in rabbits. Owing to toxicity
at 500mg/kg bw per day and a reduced conception rate at the lowest dose tested
(i.e.100mg/kg bw per day), a second experiment was performed in which the
highest dose tested was 100 mg/kg bw per day.

In the second experiment, four groups of 25 virgin New Zealand white rabbits
were given HEDP (disodium etidronate) at a dose of 0 (water), 25, 50, or 100 mg/kg
bw per day in the diet or 100mg/kg by gavage, on days 2-16 of gestation. An
additional untreated control group was also used in this study. Reproductive
parameters and offspring malformations were analysed. The authors reported no
statistical differences in food consumption or body-weight gain, although these
data were not presented. However, the authors noted that rabbits given the highest
dose (100mg/kg bw per day) consumed the least amount of food and gained the
least weight. The conception rate in dams given disodium etidronate at a dose of
100mg/kg bw per day by gavage or in the diet was 90% or 95%, respectively,
indicating no effect on conception or nidation. No differences were observed in the
numbers of corpora lutea, resorptions, or live fetuses. Fetuses from dams given
disodium etidronate at a dose of 100mg/kg bw per day by gavage were signifi-
cantly smaller than those from untreated controls. No differences in the defective
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fetuses in treated groups compared with the controls were reported. Very few
skeletal defects were seen, although variations in the number of ribs and sterne-
brae occurred in up to 50% of the rabbit fetuses. The study authors stated that
these variations in the ribs and sternebrae were not teratogenic effects (Cozens,
1965). They thus concluded that there were no treatment-related adverse effects
on reproduction parameters and that disodium etidronate is not teratogenic in
rabbits (Nolen & Buehler, 1971).

Nolan & Buehler (1971) speculated that the effects on conception rate in rabbits
given HEDP (disodium etidronate) at a dose of 100mg/kg per day in their first
experiment may have resulted from stress caused by gavage, because a reduction
in conception rate was not observed in their second experiment. In the second
experiment, however, the authors reported a reduction in fetal weights with HEDP
at a dose of 100mg/kg bw per day administered by gavage, which they attributed
to slightly larger litters. Although, not statistically significant, decreases in food
consumption and body-weight gain in dams at the same dose were reported in the
second experiment. On the basis of decreased fetal weights, the NOEL was set
conservatively at 50mg/kg bw per day (Nolan & Buehler, 1971).

2.2.6 Special study: skeletal effects in dogs

In a long-term study to determine the skeletal effects of HEDP, adult female
beagle dogs (aged 3—4 years at the start of the study) were given HEDP at a dose
of 0, 0.1, 0.5, 2, 5 or 10mg/kg bw per day via subcutaneous injection for different
times ranging from 1 to 2 years. There were 10 dogs in the control group and five
dogs in each treatment group. Dogs at the two lower doses (0.1 and 0.5mg/kg bw
per day) were treated for 2 years. Dogs at 5mg/kg bw per day were sacrificed
after 13.5 months, while dogs at 2 and 10mg/kg bw per day were sacrificed after
12 months. At the two lower doses, there was a slight reduction in osteoblastic
activity, reduction in the percentage of bone surfaces with active mineralization, a
reduction in mineralization rates, and a reduction in resorption spaces, but
no change in osteoid seam width. There were no treatment-related fractures at
0.1 mg/kg bw, but radiographic studies indicated that the incidence of fractures was
slightly increased at 0.5mg/kg bw per day. Profound effects on bone parameters
were observed at doses of 2-10mg/kg bw per day. The number of resorption
spaces was reduced and mineralization activity was blocked to the extent that
osteoid seams became thickened. At these higher doses, the incidence of fractures
was markedly increased and fractures were radiologically apparent after 9-12
months. Healing of fractures, when they occurred, was inhibited at doses of HEDP
of >0.5mg/kg bw per day. The authors suggested that high doses of HEDP did not
cause any permanent change in the skeleton that would interfere with fracture
healing. This study indicates that HEDP caused profound effects on the skeletal
system that are dose-related and dependent on the period of treatment, but that
the effects are reversible (Flora et al., 1981).

Flora et al. (1981) also pointed out that oral administration of the disodium salt
of HEDP at a dose of 5mg/kg bw per day for up to 6 months is recommended for
the treatment of Paget disease in humans. The authors indicated that the dose of
HEDP that resulted in the development of spontaneous fractures in dogs was
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about 10 times higher than the dose recommended for extended use in humans.
This is based on the assumption that gastrointestinal absorption of orally admin-
istered HEDP would occur at a rate of 1% in humans. Thus, a orally administered
dose of HEDP of 5mg/kg bw per day would be expected to lead to a systemic
dose of 0.05mg/kg bw per day in humans, or 3mg/day for an adult with a body
weight of 60kg.

2.3 Environmental studies

HEDP can also undergo photolysis to acetate and phosphate within a few days
(Steber & Wierich, 1986). In distilled water and in the presence of calcium, no
photodegradation of HEDP was observed, but the addition of Fe(lll) and Cu(ll)
resulted in rapid photodegradation (Fischer, 1993). Thus, after the use of the anti-
microbial solutions, residual HEDP in foods may undergo photolysis before the
treated foods are consumed.

24 Microbiological aspects
2.4.1 Role of components in antimicrobial solutions

Different antimicrobial wash solutions are added to water to spray, wash, rinse,
dip, cool or otherwise process meat, poultry, and fresh as well as processed fruits
and vegetables. The solutions are used to inhibit the growth of Salmonella sp.,
Campylobacter jejuni, Listeria monocytogenes, and Escherichia coliO157:H7, and
spoilage and decay organisms on the product or surface to be treated (Table 3).

Peroxyacetic acid (also referred to as peracetic acid) is the major active ingredi-
ent in all of the antimicrobial wash solutions. The effect of peroxyacetic acid is

Table 3. The intended uses of four antimicrobial wash solutions®

Solution Product/surface to be treated Function
A Poultry carcasses, parts, and Antimicrobial efficacy against Salmonella
organs sp., C. jejuni, L. monocytogenes, E. coli
0157:H7 and spoilage organisms on
poultry
B Meat carcasses, parts, trims, Antimicrobial efficacy against Salmonella
and organs sp., L. monocytogenes, E. a coli O157:H7
and spoilage organisms on meat
C Post-harvest, fresh-cut, and Antimicrobial efficacy against spoilage and
further processed fruits and decay organisms on treated fruits and
vegetables, including vegetables and in process water
process water
D Further processed fruits and Antimicrobial efficacy against S. a javiana,
vegetables L. monocytogenes, E. coli 0157:H?7,

spoilage and decay organisms on further
processed fruit and vegetable surfaces.

2 See Table 1 for the composition of these solutions.
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similar to that of other antimicrobial agents that function as oxidizing agents, and
which attack multiple cell sites and can disrupt the chemiosmotic balance. A
recently published summary (Kitis, 2004) stated that peracetic acid was identified
to have antimicrobial properties as early as 1902; that it had often been used in
‘cold sterilization’ procedures for medical instruments and had been found to be
bactericidal at 0.001%, fungicidal at 0.003% and sporicidal at 0.3%; and that it had
been used in the production of gnotobiotic (germ-free) animals. This publication
also proposed that the antimicrobial action of peracetic acid may result from the
oxidation of proteins and, in particular, their sulfhydryl bonds. Alternatively, perace-
tic acid may disrupt the chemosmotic functions of outer membrane lipoproteins
and oxidize nitrogenous bases in DNA, resulting in cell death. Peracetic acid was
compared favourably with chlorine-based compounds; it was proposed that its
antimicrobial efficacy was similar and its decomposition to the environmentally safe
products acetic acid, water and oxygen provides an advantage over chlorine-based
products.

Octanoic acid also contributes to the efficacy of these antimicrobial solutions.
A publication by Sun et al. (2002) concludes that at lower pH, caproate (C6:0) and
caprylic acid (C8:0, the alternative name for octanoic acid) inhibit microbial growth.
In addition, octanoic acid functions as a surfactant to aid in wetting hydrophobic
surfaces, particularly on meat.

While acetic acid and hydrogen peroxide are known to have antimicrobial
effects, their effects within these solutions are minimal. Acetic acid and hydrogen
peroxide are, however, in equilibrium with the peroxyacetic acid, so their presence
is critical for the antimicrobial effects of the peroxyacetic acid. Peroxyoctanoic acid
does not have antimicrobial activity. It is present in the solution because it is pro-
duced when octanoic acid reacts with hydrogen peroxide. HEDP has no anti-
microbial effects. It functions as a stabilizer in these solutions by preventing metal
ions from catalysing the breakdown of peroxyacetic acid and hydrogen peroxide.

2.4.2 Studies of antimicrobial efficacy

Laboratory and in-plant studies were done on four antimicrobial wash solutions,
described as solutions A, B, C and D in Tables 1 and 3, to demonstrate the reduc-
tion of microbes for the intended use of each solution. Overall, the results of these
tests indicate modest reductions in the number of surface microbes on poultry and
meat. In wash water for fresh and processed fruits and vegetables, greater reduc-
tions in concentrations of microbes were observed. The results of studies that were
available for this evaluation are described below.

(a) Solution A

The proposed use of antimicrobial wash solution A is for addition to water used
for spraying or submerging, or spraying followed by submerging eviscerated poultry
carcasses. Tests were done to compare specimens treated with water with
those treated with the test substance. Thus, the key result is the net reduction
beyond that found with water only. There were three groups, a group that was
submersion-chilled, a group that was sprayed, and a group that was sprayed, then



100 PEROXYACID ANTIMICROBIAL SOLUTIONS

submerged. The mean log,, reductions using United States Department of Agri-
culture procedures for carcass processing are listed in Table 4. These results
indicate that a modest net reduction of up to about log;,0.8 can be achieved from
these treatments (unpublished data from the submitter).

A second set of tests was performed on pathogens (Listeria monocytogenes,
Salmonella typhimurium, and Escherichia coli O157:H7) on different chicken parts
(carcasses, wings, and livers). Net logy, reductions in pathogens varied from a
modest to a considerable amount (from log,, 0.32 to 0.75 for S. typhimurium, from
logse 1.13 to 2.11 for L. monocytogenes, and from logs, 0.82 to 3.17 for E. coli
0157:H7).

(b) Solution B

The proposed use of antimicrobial wash solution B is for adding to water used
for spraying beef carcasses. The solution was diluted appropriately and added to
water for spraying beef. Three separate test runs were conducted. In the first test,
10 randomly selected carcasses were selected; in the second test, 29-30 ran-
domly selected carcasses were selected, and in the third, 128 carcasses were
selected in-plant. In all tests, the carcasses were aseptically sampled by tissue
excision, either before treatment, after treatment, or at final inspection, then serially
diluted and plated. The number of colonies formed (CFU/cm?) for all aerobic bac-
teria (total aerobic plate counts), coliforms, and E. coli were determined. For these
trials, reductions ranged from logy, 0.434 (standard deviation (SD), 1.083) to 1.05
(SD, 0.495) for samples taken immediately after treatment and from log;, 0.246
(SD, 1.221) to 0.573 (SD, 0.567) at the final inspection. In essence, the values
indicated that a modest, but highly variable, initial reduction of microorganisms
was followed by some renewed microbial growth or acquisition of more
microbes.

When pathogens were inoculated onto beef, reductions in the numbers of
microbes were modest, approximately log,, 0.5 to 1.0 more than reductions after
washing with water only. The specific results are summarized in Table 5. The rela-
tive reductions reported were modest, ranging from logs, 0.5 to 1.3 (unpublished
data from the submitter).

Microbial contamination primarily occurs on the surface of meats. Various
spraying and dipping methods, usually transient in nature, are employed to remove
surface bacteria. Although several chemicals are employed in these methods, the
levels of reduction of microbes, with respect to resident bacteria and specific
pathogens, are typically low. In a recent publication, the use of one of these prod-
ucts was compared with other methods (Gill & Badoni, 2004); the results indicated
that use of a solution containing 0.02% peroxyacetic acid was associated with
modest reductions in the number of pathogens from log;, 0.5 to 1.0 | compared
with meat treated with water only, but reductions after treatment with lactic acid
were logyo > 1.
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Table 5. Mean log;, reductions in specific pathogens inoculated onto beef
washed with water or with antimicrobial wash solution B

Pathogen Average log,, reduction Relative log,, reduction,
solution B relative to water
Water Solution B
L. monocytogenes 0.7 1.22 0.52
S. typhimurium 0.32 1.62 1.3
E. coli 0.4 1.48 1.08

From unpublished data from the submitter.

Table 6. Mean log;, reductions in microorganisms found in water treated with
antimicrobial wash solution C relative to untreated water

Residual peroxyacetic acid (mg/kg) Logs, reduction (log;,CFU)
<3 <2

10-30 2-4

40-50 5-6

From unpublished data from the submitter.
CFU, colony-forming units.

(c) Solution C

The proposed use of antimicrobial wash solution C is for addition to water used
for processing vegetables for post-harvest, fresh-cut, and further processed fruit
and vegetables. Peroxyacetic acid at a concentration of 10-30 mg/kg was added
to water for processing vegetables. There was a reduction of up to 4-log (logy, 4)
in the relative concentrations of microorganisms found in the treated wash water,
compared with the untreated wash water; this correlated with the amount of
residual peroxyacetic acid (Table 6) (unpublished data from the submitter).

(d)  Solution D

The proposed use of antimicrobial wash solution D is for reduction of contami-
nation, either for organisms on surfaces or for cross-contamination in wash water,
on the surface of processed fruit and vegetables. To test the reduction of contami-
nation, tomato surfaces were inoculated with E. coli O157:H7, L. monocytogenes,
and S. javiana and treated with either tap water or Tsunami 200. The results indi-
cated that solution D effectively reduced numbers of these pathogens (Table 7).

To test for the elimination of cross-contamination, cherry tomatoes were inocu-
lated with the same target pathogens, which were allowed to attach for 24 h. Inocu-
lated and non-inoculated cherry tomatoes were then submerged in solution D
(Tsunami 200) or in tap water. The non-inoculated tomatoes were removed to a
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Table 7. Mean log;, reductions in pathogens on tomato surfaces treated with
water only or with antimicrobial wash solution D

Pathogen Pathogens on tomato surfaces (log, CFU)
Water Solution D Log,, reduction
L. monocytogenes 4.73 0.00 4.73
E. coli 5.00 0.87 413
S. javiana 2.62 0.00 2.62

From unpublished data from the submitter.

neutralizing solution, which was vortexed to remove bacteria from the tomatoes,
then diluted and plated. There was a reduction of greater than 2-log (log, 2) in all
three pathogens transferred by cross-contamination (unpublished data from the
submitter).

2.5 Observations in humans

The disodium salt of HEDP, which is known clinically as sodium etidronate, is
used to treat Paget disease, which is an idiopathic disease characterized by accel-
erated bone metabolism. Fractures and other abnormalities of bone are common
in patients with Paget disease. Due to its high affinity for solid-phase calcium
phosphate, HEDP prevents hydroxyapatite crystal growth and dissolution on crystal
surfaces of bone. Its mechanism of action, however, is not fully understood.

The recommended dose of sodium etidronate is 5-10mg/kg bw given orally
once daily for 6 months or less, or 11-20mg/kg bw per day for 3 months or less.
Doses in excess of 20mg/kg bw per day are not recommended. The dose must
be reduced in cases of renal insufficiency. Sodium etidronate is generally well toler-
ated and the incidence of side-effects is low (Center for Drug Evaluation and
Research, 2001; Physician’s Desk Reference, 2004). Initial therapy with a dose of
5mg/kg bw per day of sodium etidronate appears to maximize benefits for patients
with Paget disease while minimizing possible adverse effects (Canfield et al.,
1977).

Numerous abstracts/citations addressing the use of HEDP in cancer therapy,
osteoporosis, nuclear imaging, and hypercalcaemia associated with malignancy,
and other disorders of calcium and phosphorus balance have been published.
Such studies were not considered to be relevant to food safety and are beyond
the scope of this assessment.

3. INTAKE
3.1 Residues on foods

The use of the four solutions of peroxyacid in antimicrobial water washes for
the processing of meat, poultry, fruits, and vegetables results in predictable
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residues on treated foods. The hydrogen peroxide in the solution and the peroxy-
acetic and peroxyoctanoic acids formed in situ are inherently unstable, especially
in the presence of oxidizable organic material. Therefore, there would be no
expected residues of these substances on treated foods. Acetic and octanoic acid
present in the solution and as by-products from the corresponding peroxyacids
would be expected to remain on any treated foods that are not washed or further
processed after treatment, as would HEDP, which is stable and non-reactive under
the conditions of use.

Acetic and octanoic acids are components of many foods and are also used
as flavouring agents in foods. The Committee has previously evaluated both of
these substances. The minor residues of these substances remaining on treated
foods result in exposures that are insignificant in comparison to those from con-
sumption of foods containing the substances naturally, or as added flavouring
agents. The mean intake of octanoic acid from foods consumed as part of the diet
in the USA was estimated to be approximately 200mg/day. A highly conservative
estimate of exposure for octanoic acid of 1.9mg per day resulting from the use of
the antimicrobial solutions was noted by the Committee. This estimate was pre-
pared employing WHO Global Environment Monitoring System — Food Contami-
nation Monitoring and Assessment Programme (GEMS/Food) international diets.
Intake of acetic acid was not explicitly analysed, but its use in and on foods
(vinegar) would result in a greater food exposure than that from octanoic acid.
Exposure to these common food acids was not further considered in this
evaluation.

HEDP is expected to remain on foods that are treated with the antimicrobial
washes and not further washed, processed, or cooked. The Committee considered
submitted information concerning residues of HEDP on foods. Studies were con-
ducted with meats, poultry, fruits, and vegetables, each treated with one of the
solutions under typical conditions of use. The foods were allowed to drain, but
were not further processed or cooked. It was assumed that all additional weight
in the meats treated was attributable to the antimicrobial wash; the concentration
of HEDP in the solutions was used to determine the residual concentration of
HEDP present in the meat. Poultry was further treated to recover any HEDP
present. Fruit and vegetables were washed with deionized water to recover the
residual HEDP. For vegetables, lower- and upper-bound estimates of intake were
made based on the differing surface areas of the treated foods. Broccoli, a vegeta-
ble with a high surface area, provided the data for the upper-bound estimates,
while tomato was used to provide the lower-bound estimates. Furthermore, for
processed fruit and vegetables, it was assumed that each would be treated twice;
before cutting or processing and again afterwards. Thus, the measured residues
were doubled, assuming no loss from either treatment. The results are reported in
Table 8 (unpublished data from the submitter).

3.2 International estimates of intake

The Committee considered international estimates of intake of HEDP, prepared
using food information taken from the GEMS/Food regional diets and the data on
HEDP residues from Table 8. The intake of every food that could be treated with
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Table 8. Residues of HEDP in treated foods

Type of food treated Residue of HEDP (ug/kg, ppb)
Meats
Carcasses 58
Parts/trim 161
Poultry 198
Fruit and vegetables (single treatment)
Low surface area 4.2
High surface area 67.5
Fruits and vegetables (double treatment)
Low surface area 8.4
High surface area 135

From unpublished data from the submitter.

HEDP was combined with the appropriate residue concentration for each of the
five regional diets. Two estimates were prepared for each region; one using the
residue concentration for a vegetable with a low surface area and the other using
the residue concentration for a vegetable with a high surface area. It was assumed
that there would be no reduction in HEDP residues after washing or cooking.
Further, it was assumed that all fruit and vegetables would be treated three times
with the antimicrobial solution with no loss; once on the raw commaodity and twice
during further processing.

The highest estimate of intake was from the European diet; 3.6 ug/kg bw per
day for the upper-bound estimate using a model for a vegetable with a high surface
area. All the estimates are summarized in Tables 9 and 10.

3.3 National estimates of intake

The Committee considered three national estimates of intake. The first was a
total diet study from the Czech Republic. The two remaining studies were based
on individual dietary records in the USA and the UK, respectively.

Completed in 1995, the Czech total diet study considered 160 foodstuffs. The
foods were prepared using standard recipes. Each food that might be treated with
the antimicrobial solution was considered, with a food intake matched to an HEDP
concentration from Table 8. Lower-bound and upper-bound estimates were made
using the data for vegetables with low surface area and data for the vegetables
with high surface area separately. Average daily food consumption values
for the Czech Republic were used. The lower-bound estimate of exposure was
0.405ug/kg bw per day and the upper-bound estimate was 2.224 ug/kg bw per
day.

The estimates from the USA and the UK were made in a similar manner. For
each individual surveyed, all foods that could have been treated with the antimi-
crobial solution were considered. The appropriate concentration of HEDP residue
was multiplied by the intake of each food and the total intake of HEDP for each
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Table 9. International estimates of intake of HEDP (lower bound)

GEMS/  Food HEDP Intake of HEDP (ug/kgbw per day) in GEMS/
Food residue Food regional diet

code (ng/kg, ppb)

Middle  Far Africa  Latin Europe
East East America
VR75 Roots 12.6 0.013 0.023 0.067 0.033 0.051
VD70 Pulses 12.6 0.005 0.004 0.004 0.005 0.003
VD70 Nuts 12.6 0.003 0.011  0.007 0.012 0.006
VD70 Vegetable fat 12.6 0.008 0.003 0.005 0.005 0.008
HS93 Spices 12.6 0.001 0.001 0.000 0.000 0.000
HS93 Vegetables 12.6 0.049 0.038 0.016 0.032 0.078
PE112 Fruit 12.6 0.043 0.018 0.020 0.057 0.045
MO105  Offal 68 0.005 0.002 0.003 0.007 0.014
MO105 Meat 68 0.042 0.037 0.027 0.053 0.176
PM110  Poultry 198 0.102 0.044 0.018 0.083 0.175
PO111 Poultry offal 198 0.000 0.000 0.000 0.001 0.001
PF111 Poultry fat 198 0.010 0.004 0.002 0.008 0.017
MF95 Mammalian 68 0.001 0.002 0.001 0.005 0.009
fat
Total intake 0.321 0222 0.114 0.211 0.753

Table 10. International estimates of intake of HEDP (upper bound)

GEMS/  Food HEDP Intake of HEDP (ug/kgbw per day) in GEMS/
Food residue Food regional diet
code (ng/kg, ppb)

Middle  Far Africa  Latin Europe

East East America
VR75 Roots 202.4 0.208 0.366 1.084 0.537 0.816
VD70 Pulses 202.4 0.083 0.067 0.060 0.078 0.041
VD70 Nuts 202.4 0.043 0.169 0.115 0.194 0.101
VD70 Vegetable fat  202.4 0.136 0.048 0.079 0.074 0.130
HS93 Spices 202.4 0.008 0.010 0.006  0.002 0.002
HS93 Vegetables 202.4 0.786 0.604 0.260 0.508 1.254
PE112 Fruit 202.4 0.689 0.288 0.319 0.915 0.716
MO105  Offal 68 0.005 0.002 0.003 0.007 0.014
MO105 Meat 68 0.042 0.037 0.027 0.053 0.176
PM110  Poultry 198 0.102 0.044 0.018 0.083 0.175
PO111 Poultry offal 198 0.000 0.000 0.000 0.001 0.001
PF111 Poultry fat 198 0.010 0.004 0.002 0.008 0.017
MF95 Mammalian 68 0.001 0.002 0.001 0.005 0.009

fat
Total intake 2.153 1.676 1.994 2.515 3.623
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Table 11. Estimates of intakes of HEDP used in
antimicrobial wash solutions

Estimates Exposure (ug/kgbw per day)

GEMS/Food 3.6 (European regional diet)

Czech Total Diet Study 2.224 (mean)

USA dietary records 4.706 (90th percentile, upper
bound)

UK dietary records 3.263 (90th percentile, upper
bound)

food was calculated for each individual. The mean and 90th-percentile intakes for
the whole population were computed from the individual records. The data on food
intake from the USA were taken from the USA Department of Agriculture Continu-
ing Survey of Food Intakes by Individuals, 19946, 1998. The data on food intake
from the UK were taken from the Ministry of Agriculture, Food, and Fisheries
Dietary and Nutritional Survey of British Adults, 1986—7. Here again, lower-bound
and upper-bound estimates were made using the data for vegetables with low
surface area and vegetables with high surface area separately.

The mean estimate of intake for the USA was 0.357 (lower bound) or 2.235
(upper bound) pg/kg bw per day. The corresponding intakes for individuals at the
90th percentile of consumption were 0.740 and 4.706 ug/kg bw per day, respec-
tively. The mean estimate of intake for the UK was 0.243 (lower bound) or 1.795
(upper bound) ug/kg bw per day. The corresponding intakes for individuals at
the 90th percentile of consumption were 0.458 and 3.263ug/kg bw per day,
respectively.

Table 11 summarizes the estimates of intake of HEDP used in antimicrobial
wash solutions.

3.4 Non-food uses of HEDP

HEDP is used as an anti-scaling agent for water treatment and in boilers. The
regulatory limit for this use in the USA is 25ug/l. However, HEDP is known to be
used in the rest of the world, including China. It is also used as a drug for treat-
ment of Paget disease (a disease of excessive bone turnover) and in some
over-the-counter cosmetic and pharmaceutical formulations. The Environmental
Protection Agency in the USA has estimated exposure to HEDP from these uses
to be no more than 6 ug/kg bw per day, including 0.04ug/kg bw per day from its
use on food (Environmental Protection Agency, 1998). The Committee noted that
this estimate of exposure for food uses of HEDP was much less conservative than
that evaluated herein, assuming that cooking and further processing of treated
foods would result in concentrations of HEDP of no greater than 1ug/kg on food
as consumed.
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4. STUDIES ON THE QUALITY, NUTRITIONAL VALUE, OR OTHER
PROPERTIES OF FOOD TREATED WITH ANTIMICROBIAL
SOLUTIONS

4.1 Thiobarbituric acid and fatty acid profiles of meat and
poultry products

The antimicrobial wash solution identified as solution A was added to water
used for spraying and dipping poultry carcasses in a study to determine whether
the treatment resulted in significant differences in thiobarbituric acid (TBA) and
fatty acid profiles of raw or cooked poultry products. No differences were found
when compared with treatment with water (Ecolab, Inc., 2000).

Samples of fresh beef were exposed to antimicrobial wash solution B, which
contains total peroxyacids at a concentration of 200mg/kg, to determine whether
the treatment resulted in significant differences in TBA and fatty acid profiles of
cooked and uncooked meat (Ecolab, Inc., 1999a, 1999b). Cooking to an internal
temperature of 175°F increased the TBA value by eightfold relative to uncooked
samples. No differences in TBA or fatty acid profiles compared with treatment with
water were found. There was a slight difference (p = 0.54) in values for myristic
acid between raw meat and cooked meat treated with peroxyacid; this was attrib-
uted to cooking or variation in the meat samples tested.

The reagent TBA is commonly used to determine the extent to which animal
and vegetable fats and oils (including fatty acids, their esters, and related sub-
stances) are oxidized. Thus TBA values provide a measure of rancidicity. The
results of testing for TBA and the determinations of fatty acid profiles described
above suggested that treating poultry or meat with solutions A or B did not
adversely impact the quality of treated poultry or meat products, respectively.

4.2 The effect of the potential reactivity of hydrogen peroxide and
peroxyacetic acid on meat and poultry products

In a study by Upendraroa et al. (1972), vegetable oils placed in contact with
30% or 60% hydrogen peroxide and 5% or 17% peroxyacetic acid for 2—10h
underwent epoxidation. Other studies that used high concentrations of hydrogen
peroxide and long periods of contact were found in the literature and mainly indi-
cated potential reactions of hydrogen peroxide with other food components. The
low concentrations of the components of antimicrobial solutions in ready-to-use
wash solutions and sprays, and the transient nature of their contact with food is
expected to prevent potential oxidation reactions from occurring on food. The low
reactivity potential of solutions C and D has been confirmed in a study of their
effects, under the intended condition of use, on fruit and vegetables (Ecolab, Inc.,
1995).

4.3 Nutritional tests to determine the effects of peroxyacetic acid and
hydrogen peroxide on fruit and vegetables

A study was conducted to determine the effects of peroxyacetic acid and
hydrogen peroxide on the nutrient content of fruit and vegetables (Ecolab, Inc.,
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1995). Tomatoes, potatoes, and broccoli were prepared for consumption, exposed
to solution C (containing peroxyacetic acid at 80 mg/kg and hydrogen peroxide at
59mg/kg) for 5min (‘worse-case’ conditions of exposure), then rinsed. Control and
treated samples were analysed for effects on B-carotene and vitamin C, nutrients
chosen for analysis because of their susceptibility to oxidation and other degrada-
tion reactions. There was no effect on 3-carotene content in tomatoes or broccoli.
There was no effect on vitamin C in potatoes or broccoli. There was a treatment-
related decrease of 37% in the ascorbic acid content of tomatoes, which occurred
in conjunction with an equivalent increase in dehydroascorbic acid content. Thus,
the active content of vitamin C (Sabry et al., 1958) in tomatoes was unchanged
(unpublished data from the Pillsbury Company). These results indicated that the
use of antimicrobial wash solution C on fresh fruits and vegetables would not be
expected to adversely affect their nutrient content.

5. COMMENTS

Antimicrobial solutions are equilibrium solutions that are diluted in water before
use in food processing. Hydrogen peroxide in these solutions will dissociate into
water and oxygen. Both peroxyacetic acid and peroxyoctanoic acid are also inher-
ently unstable and will break down into acetic acid and octanoic acid, respectively,
although their stability is enhanced by HEDP. Low residual amounts of these simple
organic acids present on food at the time of consumption would pose no safety
concern. It is not expected that residues of peroxyacetic acid or peroxyoctanoic
acid from these solutions will be present on treated foods at the time of consump-
tion. The peroxide components of the peroxyacid antimicrobial solutions thus pose
no toxicological concerns with regard to the uses considered by the Committee.
The Committee concluded that HEDP, which sequesters metal ions, thereby sta-
bilizing the peroxy compounds in peroxyacid antimicrobial solutions, is the only
component of potential toxicological concern.

Data reviewed by the Committee indicated that absorption of HEDP from the
gastrointestinal tract is very limited and that its metabolism is negligible. The limited
amount of data available to the Committee suggested that absorption may be
related to age and species. The skeleton is the target site for the disposition of
HEDP in all species.

HEDP did not show evidence of mutagenic activity in assays in five strains of
Salmonella or in an assay for mutation in mouse lymphoma L51718 Tk"~ cells,
with and without metabolic activation from mammalian microsomes.

In two 90-day studies of toxicity, rats were fed diets containing HEDP at doses
ranging from 100 to 2500 mg/kg bw per day. The highest dose tested in each study
(i.e. 1500 or 2500 mg/kg bw per day) caused mortality and signs of toxicity, but no
effects were reported at lower doses in either study. The NOEL was 500 mg/kg bw
per day in both studies.

In a 90-day study of toxicity in dogs, HEDP was administered orally at a dose
equivalent to 0, 25, 75, or 250mg/kg bw per day. No adverse effects attributable
to treatment were reported and the NOEL for HEDP was 250mg/kg bw per day.
The Committee also evaluated the results of a long-term study to determine the
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skeletal effects of daily subcutaneous injections of HEDP administered to adult
female dogs for varying periods ranging from 1 to 2 years. Some effects on bone
parameters were observed at all doses. Profound skeletal effects were associated
with the administration of daily subcutaneous doses of HEDP of 2-10mg/kg bw
per day for 1 year. Spontaneous bone fractures were slightly increased in dogs
given daily subcutaneous doses of 0.5mg/kg bw for 2 years, but no permanent
skeletal changes were observed at this dose and healing was normal. No fractures
were observed at a daily subcutaneous dose of 0.1 mg/kg bw after 2 years. Assum-
ing that 10-20% of the administered dose were absorbed from the gut in dogs, a
subcutaneous dose of 0.1mg/kg bw per day would correspond to an oral dose of
0.5-1mg/kg per day. In considering these studies, the Committee noted that 90
days might not be long enough to observe skeletal effects in dogs and that there
might be differences in the disposition of HEDP in bone that are related to the
route of administration.

In a combined two-generation study of reproductive toxicity and teratogenicity,
rats were given HEDP (disodium salt) in the diet at concentrations equivalent to
0, 50 or 250mg/kg bw per day either during their lifetime or only on days 6-15 of
gestation, for two generations. No fetal abnormalities indicative of a teratogenic
effect were reported at either dose tested. HEDP was embryotoxic when adminis-
tered at a dose of 250mg/kg bw per day during organogenesis. The NOEL for
HEDP was 50mg/kg bw per day.

The effects of HEDP (disodium salt) were determined in a combined study of
reproductive toxicity and teratogenicity in rabbits. Two experiments were performed
because of the observation of toxicity at the lowest and highest doses, adminis-
tered by gavage, in the first experiment. In the second experiment, rabbits received
HEDP at a dose of 0, 25, 50, or 100mg/kg bw per day in the diet, or 100mg/kg
bw per day by gavage. Fetuses from dams receiving HEDP at a dose of 100 mg/kg
bw per day by gavage were significantly smaller than those from untreated con-
trols. No fetal abnormalities indicative of a teratogenic effect in rabbits were
observed in either experiment. The NOEL was 50mg/kg bw per day.

Use of HEDRP to treat Paget disease

The disodium salt of HEDP, known clinically as sodium etidronate, is adminis-
tered orally at a starting dose of 5mg/kg bw per day, for not longer than 6 months,
to treat patients with Paget disease. Paget disease is an idiopathic disease char-
acterized by accelerated bone metabolism; fractures and other abnormalities of
the bone are common in patients with Paget disease. Owing to its high affinity for
solid-phase calcium phosphate, HEDP prevents the growth and dissolution of
hydroxyapatite crystals on crystal surfaces of bone. The mechanism of action,
however, is not fully understood.

Antimicrobial efficacy

Information available to the Committee indicated that solutions of peroxyacetic
acid enhance the action of water sprayed on food surfaces to reduce numbers of
bacteria. While reductions in numbers of microbes were demonstrated, some of
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the data provided suggest that the results of replicate tests were rather inconsis-
tent, with standard deviations close to or greater than the value of the reductions
themselves. Testing of food surfaces showed modest reductions in numbers of
microbes, when either endogenous microorganisms (represented by total aerobic
plate counts) or inoculated (‘spiked’) pathogens (commonly L. monocytogenes, E.
coliO157:H7, and some Salmonella serotypes) were monitored. Data from labora-
tory and in-plant tests indicated that the use of these solutions would minimize the
possibility of cross-contamination, although they are unable to remove all adherent
viable bacteria from food surfaces.

The Committee did not further consider the antimicrobial efficacy of peroxyacid
antimicrobial solutions containing HEDP.

Intake

The Committee evaluated estimates of intake of each component used in the
peroxyacid solutions on the basis of residual amounts anticipated to be present
on treated food at the time of consumption. Consistent with what was known about
the chemistry of peroxy compounds, no residues of hydrogen peroxide, peroxy-
acetic acid, or peroxyoctanoic acid were anticipated to be present on foods that
have been washed in, sprayed with, or otherwise treated using these solutions.

Acetic and octanoic acid present in the solutions and as by-products from the
corresponding peroxyacids would be expected to remain on any treated foods that
are not washed or further processed after treatment. The Committee noted that
the estimate of exposure to octanoic acid resulting from the use of the antimicrobial
solutions, 1.9mg/day, was highly conservative. The mean intake of octanoic acid
from foods consumed as part of the diet in the USA was estimated to be approxi-
mately 200mg/day. Intake of acetic acid was not explicitly analysed, but its use in
and on foods (vinegar) would result in a greater exposure than that from the use
of peroxyacid antimicrobial solutions. The Committee did not further consider
exposure to these common food acids.

HEDP is expected to remain on foods that are treated with antimicrobial solu-
tions and that are not further washed, processed, or cooked. The highest estimate
of intake of HEDP prepared using GEMS/Food diets was that for the European
diet: 3.6 ug/kg bw per day for the upper-bound estimate using a model for vegeta-
bles with a high surface area. The Committee also considered national estimates
of intake from the Czech Republic, the USA, and the UK. The upper-bound esti-
mate of intake was 2.2ug/kg bw per day for the Czech Republic. The mean and
90th percentile upper-bound estimates of intake for the USA were 2.2 and 4.7 ug/kg
bw per day, respectively. The mean and 90th percentile upper-bound estimates
of intake for the UK were 1.8ug/kg bw per day and 3.3ug/kg bw per day,
respectively.

The Committee was aware of the non-food uses of HEDP. It is used as an
anti-scalant for water treatment and in boilers worldwide (the regulatory limit for
this use is 25ug/l in the USA). HEDP is also used as a drug to treat Paget disease,
and in some over-the-counter cosmetic and pharmaceutical formulations. The USA
Environmental Protection Agency estimated that exposure to HEDP from all these
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uses was not more than 6 ug/kg bw per day, including 0.04 ug/kg bw per day from
its use on food (Environmental Protection Agency, 1998). The Committee noted
that this estimate of exposure resulting from food uses of HEDP was much less
conservative than that used in the present evaluation.

Assessment of the effects on food quality and nutritional value

Limited data on the quality and nutritional value of foods treated with peroxyacid
antimicrobial solutions were provided to the Committee. Studies were conducted
to determine whether treatment of foods with peroxyacid antimicrobial solutions
resulted in significant differences in concentrations of thiobarbituric acid (a measure
of rancidity), or in fatty-acid profile testing of raw or cooked poultry products and
fresh beef samples, when compared with treatment with water only. No differences
were found.

The Committee was aware that studies in the literature indicated potential
reactions of hydrogen peroxide with components of food. The Committee noted
that such studies are typically conducted using high concentrations and long
periods of exposure and that, under the conditions of their intended use, the
potential reactivity of peroxyacid antimicrobial solutions is expected to be limited.
Studies available to the Committee confirmed the low potential reactivity of two
peroxyacid antimicrobial solutions in dilute ready-to-use solutions that are in brief
contact with fruits and vegetables.

A study was conducted to determine the effects of peroxyacetic acid and
hydrogen peroxide on the content of B-carotene and vitamin C in tomatoes, pota-
toes and broccoli. These foods were prepared for consumption using ‘worst-case’
exposure conditions, i.e. peroxyacetic acid at 80 mg/kg and hydrogen peroxide at
59mg/kg for 5min, and then rinsed. When treated samples were compared with
controls, there were no effects on the B-carotene content of tomatoes or broccoli,
on the vitamin C content of potatoes or broccoli, or on the active vitamin C content
of tomatoes.

On the basis of the available data, the Committee concluded that peroxyacid
antimicrobial solutions are unlikely to have an adverse effect on food quality or
nutritional value, with regard to the uses considered by the Committee.

6. EVALUATION

The Committee considered the safety, on a component-by-component basis,
of antimicrobial solutions containing HEDP and three or more of the following
components: peroxacetic acid, acetic acid, hydrogen peroxide, octanoic acid and
peroxyoctanoic acid. These solutions are intended to be diluted before use to
achieve peroxyacid concentrations in the range of 80 to 220 mg/kg. The Committee
concluded that the peroxy compounds in these solutions (hydrogen peroxide,
peroxyacetic acid and peroxyoctanoic acid) would break down into acetic acid and
octanoic acid, and that small residual quantities of these acids on foods at the time
of consumption would not pose a safety concern. Therefore, the Committee
focused its evaluation on the residues of HEDP that are expected to remain on
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foods treated, in accordance with manufacturers instructions, with peroxyacid
antimicrobial solutions that contain HEDP at up to <1%.

The Committee compared the highest estimate of intake of HEDP from the
uses of peroxyacid antimicrobial solutions considered by the Committee (i.e.
0.004mg/kg bw per day) with the starting oral dose used to treat Paget disease
(i.e. 5mg/kg bw per day) and noted that the margin of exposure is >1000. On the
basis of this margin of exposure, the conservative nature of the estimates of intake
of HEDP, and the available toxicity data, the Committee concluded that HEDP does
not pose a safety concern at the concentrations of residue that are expected to
remain on foods.

The Committee noted that the use of peroxyacid antimicrobial solutions does
not replace the need for good hygienic practices in handling and processing of
food.
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1. EXPLANATION

Steviol glycosides are natural constituents of the plant Stevia rebaudiana
Bertoni, a member of the Compositae family. The leaves of S. rebaudiana Bertoni
contain at least ten different glycosides, the major constituents being stevioside
and rebaudioside A. The material evaluated at the present meeting contains
not less than 95% glycosylated derivatives of steviol, primarily stevioside,
rebaudiosides A and C and dulcoside A (Figure 1), with minor amounts of rubuso-
side, steviolbioside, and rebaudiosides B, D, E and F (Figure 2).
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At its fifty-first meeting (Annex 1, reference 7149), the Committee evaluated
toxicological data on stevioside and the aglycone steviol. The Committee noted
several shortcomings in the available information and requested that specifications
should be developed to ensure that the material tested is representative of the
material of commerce. Further information was required on the nature of the sub-
stance tested, on the metabolism of stevioside in humans and on the activity of
steviol in suitable studies of genotoxicity in vivo.

There is no single common or trivial name in common usage for the evaluated
mixture of glycosylated derivatives of steviol. At its thirty-third meeting (Annex 1,
reference 83), the Committee developed guidelines for designating titles for speci-
fication monographs. According to these guidelines, the title of a monograph
should, in such circumstances, be selected from the available scientific, common
and trivial names. The name chosen must be nonproprietary and should be a sci-
entifically accurate description of the substance. In addition, the name should
communicate to the consumer an accurate description of the substance, within the
scope of existing names for food additives. At its present meeting, the Committee
established that the evaluated material of commerce for which specifications were
developed should be known as ‘steviol glycosides’. The Committee reviewed
additional biochemical and toxicological data on the major glycosylated derivatives
of steviol and on the aglycone, steviol.

This monograph describes the new data on steviol glycosides discussed at the
present meeting, together with summaries of the key toxicological data on stevio-
side evaluated by the Committee at its fifty-first meeting.

2. BIOLOGICAL DATA
2.1 Biochemical aspects
2.1.1  Absorption, distribution and excretion

At its fifty-first meeting (Annex 1, reference 149), the Committee noted that in
rats treated orally stevioside is not readily absorbed from the upper small intestine
but is hydrolysed to the aglycone, steviol, before absorption from the gut. New
information on absorption in in-vitro models and in rats was available at the present
meeting.

Intestinal transport of stevioside (1 mmol/l), rebaudioside A (1 mmol) and steviol
(30umol/l — 1 mol/l) has been investigated in a Caco-2 cell monolayer model. The
integrity of the monolayer was verified with fluorescein. Transport of stevioside and
rebaudioside A was very low (apparent permeability coefficients, 0.16 x 10 and
0.11 x 10°cm/s, respectively). Steviol was transported more effectively, with a
higher apparent permeability coefficient for absorptive transport (44.5 x 10°cm/s)
than for secretory transport (7.93 x 10°cm/s) at a concentration of 100 umol/l. At
concentrations of 300 umol/l and 1 mol/l, steviol slightly compromised the integrity
of the monolayers during transport (Geuns et al., 2003a).

The intestinal absorption of a Stevia mixture and the aglycone steviol was
investigated using everted gastrointestinal sacs from four male Sprague-Dawley
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Figure 1. Structures of the major steviol glycosides
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Figure 2. Structures of minor steviol glycosides
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rats. The Stevia mixture contained rebaudioside A (28.8%), rebaudioside C (25.2%),
stevioside (17.0%) and dulcoside A (10.2%). The everted sacs were incubated in
Stevia mixture (0.5mg/ml) or steviol (0.1 mg/ml) for 30 min. Transport of salicyclic
acid (10pg/ml) was used to confirm that the sacs were functional. Steviol was
transported in both the duodenum—jejunum and the ileum (76% and 95% of sali-
cyclic acid transport, respectively). The steviol glycosides were poorly absorbed
from the Stevia mixture, with more than 93% remaining in the mucosal fluid
(Koyama et al., 2003a).

Absorption of the Stevia mixture described above was also investigated in vivo
in four male Sprague-Dawley rats. Stevia mixture (in 2% gum arabic) was admin-
istered at a dose of 125mg/kgbw. Steviol was not detected in plasma at 1h, but
was detected at increasing concentrations between 2h and 8 h, when the concen-
tration reached a peak of about 5ug/ml. In contrast, the peak plasma concentration
of steviol (18.31ug/ml) was observed 15min after a single oral administration of
steviol (45mg/kg in corn oil). These doses were approximately equimolar for steviol
(Koyama et al., 2003a).

Similarly, in male Sprague-Dawley rats given a single oral dose of stevioside
(purity, 95%) at 0.5g/kgbw, low concentrations of steviol were detected in plasma
for the first 8 h, followed by a rapid increase to a concentration of about 1000 ng/ml
at 24 h. This study used a highly sensitive method for detection of steviol, but did
not examine levels of stevioside or other metabolites (Wang et al., 2004).

One study has reported detectable levels of stevioside, but not steviol, in
plasma after administration of a Stevia product. Groups of male Sprague-Dawley
rats were given T100 sunstevia 95% (containing 70% stevioside) at a dose of 0.5
or 2g/kgbw by gavage. Stevioside was detected in plasma 5min after dosing.
There was considerable variation between animals, with the time to maximum
plasma concentration varying from 10 to 300min. Clearance did not differ signifi-
cantly between the doses. Reported plasma half-lives were 10.6 = 8.7 and 6.7 +
3.7h at 0.5 and 2.0g/kgbw, respectively. At 48h, 5.7-16.9% and 1-6.7% of the
total administered dose of stevioside was receovered in the faeces and urine,
respectively. Steviol was detected in faeces collected up to 48h, but not in plasma
sampled up to 24 h after dosing (limit of detection, 1ug/ml) (Sung, 2002).

2.1.2. Biotransformation

Incubation of stevioside (purity, >96%; concentration, 50mg/l) with chicken
excreta under anaerobic conditions for 24 h resulted in a 20% conversion of stevio-
side into steviol (Geuns et al., 2003b).

Faecal bacterial suspensions from eleven healthy volunteers (six men and
five women) were incubated under anaerobic conditions with 40mg of stevioside
(purity, 85%) and 40mg of rebaudioside A (purity, 90%) for 72h. Stevioside and
rebaudioside A were completely hydrolysed to the aglycone steviol within 10
and 24 h, respectively. Among cultures of coliforms, bifidobacteria, enterococci and
bacteroides, only the bacteroides were able to hydrolyse these compounds. The
data indicated that both glycosides were initially hydrolysed to steviolbioside (this
occurred more slowly with rebaudioside A), and the steviolbioside was then rapidly
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metabolized to steviol. Steviol remained unchanged during the 72h incubation,
indicating that bacterial enzymes are not able to cleave the steviol structure
(Gardana et al., 2003).

Human faecal metabolism of Stevia compounds was investigated in pooled
faecal homogenates obtained from five healthy Japanese male volunteers. The
materials tested were Stevia mixture (main components: rebaudioside A, stevio-
side, rebaudioside C, dulcoside A), its o-glucose derivative, referred to as
enzymatically modified Stevia (main components: a-glucosylrebaudioside A, o-
glucosylstevioside, a-glucosylrebaudioside C, a-glucosyl dulcoside A), rebaudio-
side A, stevioside, steviol, rebaudioside C, dulcoside A, rebaudioside B,
rubusoside, a-monoglucosylrebaudioside A and o-monoglucosylstevioside. After
incubation of the faecal homogenates under anaerobic conditions for 24 h, the
Stevia mixture, glycosides and a-glucose derivatives were all rapidly degraded.
Stevioside was hydrolysed, with successive removal of glucose units via rubuso-
side, to the aglycone steviol. The metabolism of a-monoglucosylstevioside was
similar to that of stevioside after o-deglucosylation. For rebaudioside there were
two pathways, a major pathway in which rebaudioside A was hydrolysed via
stevioside to steviol, and a minor pathway that suggested that rebau-
dioside A is metabolized via rebaudioside B to steviol. The metabolism of o-
monoglucosylrebaudioside A was similar to that of rebaudioside A after
a-deglucosylation. No degradation of steviol was observed over the 24 h incubation
period. The authors concluded that steviol was the only final product of the
metabolism of Stevia-related compounds, including enzymatically modified Stevia
in human intestinal microflora, and that there were no apparent species differences
in the intestinal metabolism of Stevia mixture between rats and humans (Koyama
et al., 2003b).

Metabolism of steviol (purity not specified) in rats and humans has been inves-
tigated using pooled human liver microsomal preparations from five male and five
female donors, and from rat liver microsomal preparations with the same protein
content. Metabolite formation required a nicotinamide adenine dinucleotide phos-
phate, reduced (NADPH)-generating system, indicating cytochrome P450 (CYP)-
dependent metabolism. The metabolic profile obtained with human liver microsomal
fractions was similar to that obtained with rat liver microsomal preparations; mass
spectrometric analysis indicated the presence of two dihydroxy metabolites and
four monohydroxy metabolites. One additional monohydroxy metabolite was
detected with the rat preparation. The liver microsomal clearance of steviol was
approximately four times lower in humans than in rats (Koyama et al., 2003a).

Hamsters were given stevioside (purity not specified) at a dose of 1g/kgbw by
gavage and metabolites were measured in the plasma, urine and faeces at 3,
24 and 24 h, respectively. The samples were treated with glucuronidase/sulfatase
to hydrolyse conjugated metabolites. Steviol-16,17c-epoxide, stevioside, 15 o-
hydroxysteviol and steviolbioside were detected in the plasma, urine and faeces.
In addition, isosteviol was detected in the urine and faeces, and steviol was
detected in the faeces (Hutapea et al., 1999).
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Chickens were given stevioside (purity, >96%) at a dose of 643 or 1168 mg/
kgbw by intubation. Most of the stevioside was recovered unchanged in excreta
in the 24—48h after administration, and only about 2% was converted to steviol.
Neither stevioside nor steviol were detected in the blood. Sixteen broiler chickens
and four laying hens were also given stevioside at a dose of 667 mg/kg of feed for
14 and 10 days, respectively. Most of the stevioside was untransformed in the
excreta, with about 21.5% and 7.3% being converted to steviol by broiler chickens
or laying hens, respectively. No stevioside or steviol was detected in the blood or
in the eggs (Geuns et al., 2003b).

Six female pigswere given stevioside (purity, >96%) at a dose of 1.67 g/kg of
feed for 14 days (equivalent to approximately 70mg/kgbw per day). Steviol, but
not stevioside, was detected in the faeces, indicating bacterial metabolism of ste-
vioside to steviol. No stevioside or steviol was detected in the blood. The authors
concluded that stevioside was completely converted to steviol and suggested that
the possible uptake from the colon was very low (Geuns et al., 2003a).

Metabolism of stevioside by human volunteers has been investigated in a col-
laborative study conducted in Belgium and Italy. In Italy, nine healthy men (aged
20-50 years) were given capsules containing 375mg of stevioside (purity not
specified) after an overnight fast. Low concentrations of stevioside were detected
in the plasma of seven of the subjects, with a maximum of 0.1 ug/ml. Peak plasma
concentrations occurred at 60 to 180min after dosing. Steviol glucuronide
was detected in five of the men. No free steviol, steviol-16,17a-epoxide, 150-
hydroxysteviol or 15-oxo-steviol was detected. Steviol glucuronide was detected
in the urine of all men, and low concentrations of stevioside were also present in
the urine of two men. Free steviol or its unconjugated metabolites were not
detected. Only free steviol was detected in the faeces. In Belgium, five male and
five female volunteers (aged 24 + 2 years) were each given nine doses of 250mg
of stevioside (purity, >97%; impurities being other Stevia glycosides) at 8 h intervals
on three successive days. No stevioside or free steviol was detected in the blood.
After hydrolysis with B-glucuronidase/sulfatase, steviol was detected at concentra-
tions ranging from 0.7 to 21.3ug/ml, with peak concentrations occurring at varying
times up to 5h. Similarly, stevioside and conjugated steviol were detected in the
urine at 24 h. The only compound detected in the faeces was free steviol. The dif-
ferences between the two studies were considered to be due to the different doses
of stevioside administered and the different detection limits of the analytical method
for stevioside. The total recovery of steviol metabolites varied between 22% and
86% of the administered daily dose of stevioside (mean total recovery, 52.1 + 27%)
(Geuns & Pietta, 2004).

The major metabolites of steviol glycosides are shown in Figure 3.

2.1.3  Effects on enzymes and other biochemical parameters in vitro

In isolated aortic rings from normal rats, stevioside (purity not stated) at a
concentration of 10 to 10°mol/l caused a concentration-dependent relaxation
of vasopressin-induced vasoconstriction when incubated in medium containing
calcium, but not in calcium-free medium. The results of studies in a rat aortic
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Figure 3. Metabolites of steviol glycosides
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smooth muscle cell line (A7r5) indicated that this was due to inhibition of the stimu-
latory effects of vasopressin on intracellular calcium ions (Ca?"). Stevioside did not
inhibit calcium ionophore (A23187)-induced Ca?" influx. The effects of stevioside
were not inhibited by methylene blue. The authors concluded that the vasorelax-
ation effect of stevioside was mediated mainly through inhibition of Ca® influx and
was not related to nitric oxide (Lee et al., 2001; Liu et al., 2003).

The role of potassium channels in the vasodilator effect of isosteviol (purity
not stated) was investigated in isolated aortic rings prepared from Wistar rats.
Isosteviol at concentrations of 108 to 10-°mol/l relaxed the vasopressin-induced
vasoconstriction in a concentration-dependent manner. Potassium chloride, and
inhibitors specific for the ATP-sensitive potassium channel, inhibited the vasodilator
effect of isosteviol. Methylene blue failed to modify the vasodilation produced by
isosteviol, suggesting that nitric oxide did not play a role. The authors concluded
that vasodilation induced by isosteviol was related to the opening of the calcium-
activated and ATP-sensitive potassium channels (Wong et al., 2004).

Stevioside (purity, 95%) and steviol (purity, 90%) at concentrations of 10~ to
10-3mol/l enhanced insulin secretion in isolated mouse pancreatic islets and in a
pancreatic-B-cell line (INS-1). The maximal effect was observed with steviol at
10°mol/l and with stevioside at 10-*mol/l. The insulinotropic effect was dependent
on the concentration of glucose (Jeppesen et al., 2000).

Subsequent studies indicated that stevioside at 10mol/l enhanced the insulin
content of the INS-1 cells, partly by induction of genes involved in glycolysis. Ste-
vioside upregulated the expression of the liver-type pyruvate and acetyl-coenzyme
A (CoA)-carboxylase and downregulated the expression of carnitine palmitoyl-
transferase 1 (CPT-1), long-chain acyl-CoA dehydrogenase, cytosolic epoxide
hydrolase and 3-oxoacyl-CoA thiolase. In addition, stevioside improved nutrient
sensing mechanisms, increased cytosolic long-chain fatty acyl-CoA and downregu-
lated phosphodiesterase 1 (PDE1). Steviol showed similar effects (Jeppesen et
al., 2003).

The effect of stevioside (purity, 95%) on the transepithelial transport of p-
aminohippurate was investigated in isolated S, segments of the rabbit proximal
renal tubules. Stevioside (0.70mol/l) in the tubular lumen had no effect on the
transport of p-aminohippurate transport, but when present in the bathing medium
it inhibited transport by 25-35%; the inhibitory effect was gradually abolished
after stevioside was removed. Stevioside had no effect on Na'/K*-activated
ATPase activity or cell ATP content. The authors concluded that stevioside at a
pharmacological concentration of 0.7mol/l inhibits transepithelial transport of p-
aminohippurate by interfering with the basolateral entry step, the rate-limiting
step for transepithelial transport. The lack of effect of stevioside on transepithelial
transport of p-aminohippurate on the luminal side and the reversible inhibitory
effect on the basolateral side indicated that stevioside did not permanently change
p-aminohippurate transport and would not be expected to harm renal tubular
function at normal levels of intake in humans (Jutabha et al., 2000).
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Rats

Groups of normotensive Wistar-Kyoto rats, spontaneously hypertensive rats,
deoxycorticosterone acetate-salt sensitive rats and renal hypertensive rats were
given stevioside (purity not stated) at a dose of 50, 100, 200 or 400 mg/kgbw per
day by intraperitoneal injection for 1 to 10 days. Treatment with stevioside resulted
in significantly decreased blood pressure in all strains of rat, and the effect per-
sisted throughout the 10 days of treatment. Decreased blood pressure was also
observed in mature, spontaneously hypertensive rats given drinking-water contain-
ing 0.1% stevioside. Administration of drinking-water containing 0.1% stevioside
also slowed the age-related progressive increase in blood pressure that occurs in
rats of this strain (Hsu et al., 2002).

In Goto-Kakizaki rats (which are used as a non-obese animal model of type-2
diabetes), the intravenous administration of stevioside (purity, 96%) at a dose of
200 mg/kgbw resulted in suppressed plasma glucagon, increased insulin response
and suppressed the response to a glucose tolerance test (incremental area-under-
the-curve: stevioside, 648 + 50 mol/l x 120 min; control, 958 + 85mol/l x 120min).
In normal Wistar rats, insulin concentrations were increased without altering the
blood glucose response or glucagon concentrations (Jeppesen, 2002).

In Goto-Kakizaki rats given drinking-water containing stevioside (purity, >99.6%)
at a dose of 25mg/kgbw per day for 6 weeks, an antihyperglycaemic effect was
observed, with enhanced insulin response and suppressed glucagon concentra-
tions, and a pronounced suppression of systolic and diastolic blood pressure
(Jeppesen, 2003).

Insulin-sensitive lean Zucker rats and insulin-resistant obese Zucker rats were
given stevioside (purity not stated) at a dose of 200 or 500mg/kgbw by oral
gavage, 2h before an oral test for glucose tolerance. There was no effect on
plasma glucose, insulin or free fatty acid concentrations in either the lean or obese
groups. At the higher dose, stevioside enhanced whole-body sensitivity to insulin
in the lean and obese rats, as shown by a decreased insulin incremental area
under the curve and glucose—insulin index. No effect was observed after adminis-
tration of stevioside at 200 mg/kgbw.

In vitro, stevioside at concentrations of 0.01-0.1 mol/l was found to enhance
insulin-stimulated glucose transport in type 1 soleus and type llb epitrochloearis
muscle of both lean and obese Zucker rats. Higher concentrations of stevioside
inhibited the insulin-stimulated transport of glucose. The authors concluded that
one potential site of action of stevioside was the skeletal muscle glucose transport
system (Lailerd et al., 2004).

Dogs

In healthy mongrel dogs, nasogastric administration of stevioside (purity not
stated) at a dose of 200 mg/kg bw resulted in a lowering of blood pressure that was
maximal at 90min, returning to baseline by 180min. A more rapid decrease in
blood pressure was observed after intravenous injection of stevioside at 50mg/
kgbw, with the maximum decrease at 5-10min. In dogs with renal hypertension
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induced by ligation of the left renal artery, intravenous administration of stevioside
at 20-160mg/kg bw resulted in a dose-dependent decrease in systolic and diastolic
blood pressure. No effect was observed at 10mg/kgbw (Liu et al., 2003).

22 Toxicological studies
2.2.1  Short-term studies of toxicity
Chickens

Sixteen broiler chickens and four laying hens were given diets containing ste-
vioside (purity, >96%) at a concentration of 667 mg/kg of feed for 14 and 10 days,
respectively. No significant differences were found in feed intake, body-weight gain
and feed conversion (Geuns et al., 2003b).

2.2.2 Long-term studies of carcinogenicity

In a study discussed by the Committee at its fifty-first meeting, groups of 50
male and 50 female Fischer 344.DuCrj rats were given access ad libitum to diets
containing stevioside (purity, 95.6%; stevioside was added to the powdered diet,
which was then pelleted) at a concentration of 0, 2.5 or 5% (equal to doses of 0,
970 and 2000 mg/kg bw per day for males, and 0, 1100 and 2400 mg/kg bw per day
for females) for 104 weeks. The doses were selected on the basis of the results
of a 13-week study. Thereafter, all of the groups were maintained on basal (0%
stevioside) diet for 4 weeks. All surviving rats were killed in week 108. The body-
weight gain of the treated animals was slightly depressed, and a dose—-response
relationship was seen in males (2.3% and 4.4%) and females (2.4% and 9.2%)
at the lowest and highest doses, respectively. Food consumption did not differ
between the groups. The final survival rate of males receiving diets containing 5%
stevioside was significantly decreased (60%) compared with that of the controls
(78%). Absolute weights of the kidney were decreased in males and females at
the highest dose; however, there was no significant histopathological evidence of
neoplastic or non-neoplastic lesions attributable to treatment in any organ or tissue,
except for a decreased incidence of mammary adenomas in females and a reduced
severity of chronic nephropathy in males. The authors concluded that stevioside
was not carcinogenic in Fischer 344 rats under the experimental conditions used
(Toyoda et al., 1995, 1997).

The effects of stevioside (purity not stated) have been investigated in models
of two-stage skin carcinogenesis in mice. Groups of 15 male ICR mice were initi-
ated by topical application of 7,12-dimethylbenz[a]lanthracene (DMBA; 100ug).
Promotion treatment commenced 1 week later, and involved topical administration
of 12-O-tetradecanoylphorbol-13-acetate (TPA; 1ug) twice per week for 20 weeks.
Topical administration of stevioside (68g) 1h before the TPA resulted in a signifi-
cant decrease in the percentage of animals with papillomas at 10 and 15 weeks,
and in the number of papillomas per mouse at 15 and 20 weeks. In a similar study,
groups of 15 female SENCAR mice were initiated by administration of peroxynitrite
(33.1ug) followed by promotion with TPA, twice per week for 20 weeks. Administra-
tion of drinking-water containing 0.0025% stevioside from 1 week before to 1 week
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after initiation inhibited tumour formation. There was a statistically significant
decrease in the percentage of animals with papillomas at 10 and 15 weeks, and
in the number of papillomas per mouse at 10, 15 and 20 weeks (Konoshima &
Takasaki, 2002).

2.2.3 Genotoxicity

Studies of genotoxicity with purified Stevia extract and its major components,
stevioside and rebaudioside A, reviewed by the Committee at its fifty-first and
present meetings, are summarized in Table 1. These compounds gave negative
results in vitro and in vivo. Studies of genotoxicity with steviol and other Stevia-
derived compounds are summarized in Table 2.

Steviol and its oxidative derivatives steviol-16,17-epoxide, 15-oxo-steviol,
steviol methylester and 13,16-seco-13-oxo-steviol methylester induced forward
mutations in S. typhimurium TM677 in the presence, but not in the absence, of a
metabolic activation system. The metabolizing system decreased the mutagenicity
of steviol methylester 8,13-lactone. The results for 15 a-hydroxy-steviol, steviol
methylester and 13,16-seco-13a-hydroxy-steviol methylester were negative in this
assay (Terai et al., 2002).

Steviol gave negative results in assays for cell mutation and DNA damage in
cultured cells (Oh et al., 1999; Sekihashi et al., 2002).

Steviol (purity, >99%) has been investigated in two independent studies of DNA
damage using the comet assay. In one study, groups of four male BDF1 mice were
given steviol at a dose of 0, 250, 500 or 2000 mg/kgbw and the liver, stomach and
colon were examined for the presence of comets. In the second study, groups of
four male CRJ:CD-1 mice were given steviol at a dose of 0, 500, 1000 or 2000 mg/
kgbw and the liver, kidney, colon and testes were examined for the presence of
comets. In both studies, groups of animals were sacrificed at 3h and 24h after
dosing and methylmethanesulfonate (MMS) was used as a positive control. There
were no significant differences in DNA migration distance in any of the organs
examined. MMS induced a positive response in all organs examined in both
studies (Sekihashi et al., 2002).

Steviol (purity, about 90%) has also been tested in assays for induction of
micronuclei formation in the bone marrow of Syrian golden hamsters, Wistar rats
and Swiss albino mice. Groups of 20 male and 20 female animals were given
steviol at a dose of 4000mg/kgbw (hamsters) or 8000 mg/kgbw (rats and mice)
by gavage. Five animals in each group were killed 24, 30, 48 and 72 h after dosing.
An additional group, which served as a positive control, was treated with cyclo-
phosphamide and sacrificed at 30h. There were no significant increases in the
frequencies of micronucleated polychromatic erythrocytes (PCEs) in any of the
groups treated with stevioside. The ratio of PCEs to normochromatic erythrocytes
(NCEs) was significantly reduced in the female hamsters at 72h after treatment,
and in female rats and mice at 48h and 72h. The PCE:NCE ratio did not change
in male animals. Cyclophosphamide induced a positive response (Temcharoen et
al., 2000).
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In a study with limited reporting, available in Korean, groups of five partially
hepatectomized ddY mice were given steviol (purity not stated) at an oral dose of
0, 50, 100 or 200mg/kgbw. Steviol had no significant effect on the numbers of
micronucleated hepatocytes. A group of mice treated with mitomycin C, the positive
control, did show a positive response (Oh et al., 1999).

2.2.4  Reproductive toxicity

At its fifty-first meeting, the Committee reviewed a number of studies of repro-
ductive and developmental toxicity with stevioside and Stevia extracts and noted
that administration of stevioside (purity, 90-96%) at doses of up to 2500 mg/kg bw
per day in hamsters and 3000 mg/kgbw per day in rats had no effect. The Com-
mittee also noted that, although an aqueous infusion of S. rebaudiana administered
orally to female rats was reported to cause a severe, long-lasting reduction in fertil-
ity, the contraceptive effect of Stevia was probably not due to stevioside. Stevioside
(purity, 95.6%) had neither teratogenic nor embryotoxic effects at doses of up to
1000 mg/kgbw per day in rats treated by gavage. At its present meeting, the Com-
mittee reviewed two additional studies.

Rats

Ten male Wistar rats (aged 25-30 days) were each given 2ml of a crude
aqueous extract of S. rebaudiana (corresponding to 0.67 g of dried leaves per ml),
by gastric intubation, daily for 60 days. Ten control animals received saline only.
There were no significant effects on food consumption or body-weight gain. Animals
treated with Stevia extract showed decreased relative weights of the cauda
epididymides, seminal vesicles and testes, accompanied by a reduction in plasma
concentration of testosterone and in numbers of spermatazoa in the cauda epidi-
dymidis. The fructose content of the prostate and seminal vesicle was also
decreased, which was considered by the author to be caused at least in part by
a deficiency in testosterone stimulation (Melis, 1999).

Chickens

On day 7 of incubation, fertile broiler eggs were injected with 0.08—-4.00mg of
stevioside (purity, >96%) or 0.025-1.25mg of steviol (purity, >98%). The chicks
were examined at hatching and 1 week later. There were no effects on embryonic
mortality, body weight, malformations or body-weight gain during the first week
after hatching. No stevioside or steviol was detected in the blood of the hatchlings
sacrificed at age 1 day (Guens et al., 2003c).

2.2.5 Special study: effects on human microflora

Forty mg of stevioside (purity, 85%) and 40mg of rebaudioside A (purity, 90%)
were incubated for 72h under anaerobic conditions with 40ml of faecal bacterial
suspensions from eleven healthy volunteers (six men and five women). Stevioside
and rebaudioside A did not significantly influence the composition of faecal cul-
tures. However, stevioside caused a weak inhibition of the growth of anaerobic
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bacteria, while rebaudioside A caused a weak inhibition of the growth of aerobic
bacteria, particularly coliforms (Gardana et al., 2003).

2.3 Observations in humans

In a multicentre randomized, double-blind, placebo-controlled trial of hyperten-
sive Chinese men and women (aged 28-75 years), 60 patients were given
capsules containing 250mg of stevioside (purity not stated) three times per day,
corresponding to a total intake of 750mg of stevioside per day (equivalent to
12.5mg/kgbw per day, assuming an average body weight of 60kg) and followed
up at monthly intervals for one year. Forty-six patients were given a placebo. After
3 months, systolic and diastolic blood pressure in men and women receiving ste-
vioside decreased significantly and the effect persisted over the year. Blood bio-
chemistry parameters, including lipids and glucose, showed no significant changes.
Three patients receiving stevioside and one receiving the placebo withdrew from
the study as a result of side-effects (nausea, abdominal fullness, dizziness). In
addition, four patients receiving stevioside experienced abdominal fullness, muscle
tenderness, nausea and asthenia within the first week of treatment. These effects
subsequently resolved and the patients remained in the study (Chan et al.,
2000).

A follow-up multicentre randomized, double-blind placebo-controlled trial was
conducted in hypertensive Chinese men and women (aged 20-75 years). Eighty-
five patients were given capsules containing 500mg of stevioside (purity not
stated) three times per day, corresponding to a total intake of 1500 mg of stevioside
per day (equivalent to 25mg/kgbw per day, assuming an average body-weight of
60Kkg). Eighty-nine patients were given a placebo. Three patients in each group
withdrew during the course of the study. There were no significant changes in body
mass index or blood biochemistry parameters throughout the study. In the group
receiving stevioside, mean systolic and diastolic blood pressure was significantly
decreased compared with the baseline, commencing from about 1 week after the
start of treatment. After 2 years, 6 out of 52 patients (11.5%) in the group receiving
stevioside had left ventricular hypertrophy compared with 17 of 50 patients (34%)
in the group receiving the placebo (p < 0.001). Eight patients in each group
reported minor side-effects (nausea, dizziness and asthenia), which led two
patients in each group to withdraw from the study. Four patients in the group
receiving stevioside experienced abdominal fullness, muscle tenderness, nausea
and asthenia within the first week of treatment. These effects subsequently resolved
and the patients remained in the study (Hsieh et al., 2003).

In a paired cross-over study, 12 patients with type-2 diabetes were given either
1g of stevioside (stevioside, 91%; other Stevia glycosides, 9%) or 1g of maize
starch (control group), which was taken with a standard carbohydrate-rich test
meal. Blood samples were drawn at 30 min before and for 240 min after ingestion
of the test meal. Stevioside reduced postprandial blood glucose concentrations by
an average of 18% and increased the insulinogenic index by an average of 40%,
indicating beneficial effects on glucose metabolism. Insulin secretion was not sig-
nificantly increased. No hypoglycaemic or adverse effects were reported by the
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patients or observed by the investigators. Systolic and diastolic blood pressure
was not altered by stevioside administration (Gregersen et al., 2004).

Forty-eight hyperlipidaemic volunteers were recruited to a randomized, double-
blind trial designed to investigate the hypolipidaemic and hepatotoxic potential of
steviol glycoside extract. The extract used in this study was a product containing
stevioside (73 + 2%), rebaudioside A (24 + 2%) and other plant polysaccharides
(3%). The subjects were given two capsules, each containing 50mg of steviol
glycoside extract or placebo, twice daily (i.e. 200 mg/day, equivalent to 3.3mg/
kgbw per day assuming an average body weight of 60kg), for 3 months. One vol-
unteer receiving placebo, and three volunteers receiving steviol glycoside failed to
complete the study for personal reasons, not related to adverse reactions. At the
end of the study, both groups showed decreased serum concentrations of total
cholesterol and of low density lipoproteins. Analyses of serum concentrations of
triglycerides, liver-derived enzymes and glucose indicated no adverse effects. The
authors questioned the subjects’ compliance with the dosing regime, in view of
the similarity of effect between treatment and placebo (Anonymous, 2004a). In a
follow-up study, 12 patients were given steviol glycoside extract in incremental
doses of 3.25, 7.5 and 15mg/kgbw per day, for 30 days per dose. Preliminary
results indicated no adverse responses in blood and urine biochemical parameters
(Anonymous, 2004b).

3. INTAKE
3.1 Introduction

The Committee evaluated information on exposure to steviol glycosides sub-
mitted by Japan and China. Additional information was taken from a report on S.
rebaudiana Bertoni plants and leaves that was prepared for the European Com-
mission by the Scientific Committee on Food (European Commission, 1999). All
of the intake results are presented in terms of equivalents of steviol, based on a
conversion of 40% from steviol glycosides.

3.2 Use in foods

Steviol glycosides are used to sweeten a number of foods in China, Japan,
and South America. Table 3 summarizes the information submitted to the
Committee.

It is also known that Stevia leaves are used to prepare a sweetened tea in a
number of countries throughout the world. The concentrations of steviol glycosides
in these teas are likely to be lower than those reported in Table 3.

3.3 International estimates of intake

The WHO Gilobal Environment Monitoring System — Food Contamination
Monitoring and Assessment Programme (GEMS/Food) database was used by
the Committee to prepare international estimates of intake of steviol glycosides
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Table 3. Food use levels of steviol glycosides
reported to the Committee

Food type Maximum use level reported (mg/kg)
Beverages 500
Desserts 500
Yogurt 500
Cold confectionery 500
Sauces 1000
Pickles 1000
Delicacies 1000
Sweetcorn 200
Bread 160
Biscuits 300

(as steviol). It was assumed that steviol glycosides would replace all sweeteners
used in or as food, reflecting the minimum reported relative sweetness of steviol
glycosides and sucrose of 200:1. The estimates are shown in Table 4.

These estimates are conservative in that it is very unlikely that a user of steviol
glycosides would replace all commodity sweeteners found in their diets (WHO,
2003).

3.4 National estimates of intake of steviol glycosides

Japan submitted an estimate of intake of steviol glycosides per capita based
on the total demand for steviol glycosides in Japan, estimated at 200 tonnes per
year. The estimate assumed a population of 120 million persons and an average
body weight of 50kg. The resulting estimate of intake of steviol glycosides (as
steviol) was 0.04 mg/kgbw per day.

Additionally, the Japanese submission included two ‘maximum’ consumption
estimates for steviol glycosides. These assumed that 10% of all added sugar in
the diets of Japan or the USA would be replaced by steviol glycosides, at a ratio
of 200: 1, based on sweetness. The consumption of sugar in Japan was taken as
25kg/person per year, while that in the USA was 125 pounds/person per year
(57 kg/person per year). The average body weight for both Japan and the USA
was assumed to be 50kg. The resulting estimates of maximum consumption of
steviol glycosides (as steviol) were 0.3mg/kgbw per day for Japan and 0.6 mg/
kgbw per day for the USA. The Committee concluded that there was no evidence
to suggest that only 10% of sugar consumed would be replaced. Therefore, the
Committee calculated ‘maximum’ intakes based on the replacement of all sugar in
diets in Japan and the USA, resulting in estimates of 3mg/kgbw per day for a
50kg consumer in Japan and 5mg/kgbw per day for a 60kg consumer in the
USA.
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Table 5. Summary of estimates of intakes of steviol glycosides (as steviol)

Estimate Intake (mg/kgbw per day)
GEMS/Food (international)® 1.3-3.5 (60kg person)
Japan, per capita 0.04

Japan, maximum consumption® 3

USA, maximum consumption® 5

GEMS/Food, WHO Gilobal Environment Monitoring System — Food Contamination

Monitoring and Assessment Programme.

 ‘International’ refers to the international estimates presented in Table 4.

® These estimates were prepared in parallel to those for the international estimates: it was
assumed that all dietary sugars in diets in Japan and the USA would be replaced by
steviol glycosides, at a ratio of 200: 1.

The submission from China contained information on the annual production of
steviol glycosides. It was reported that up to 1000 tonnes were produced each
year, with 200 tonnes retained for domestic consumption. In view of the larger
population in China than in Japan or the USA, the Committee noted that any esti-
mates prepared using these data would result in lower exposures than those
reported above.

3.5 Summary of intakes

Table 5 contains a summary of the intakes of steviol glycosides evaluated or
derived by the Committee.

The Committee concluded that the replacement estimates were highly con-
servative and that intake of steviol glycosides (as steviol) would be likely to be
20-30% of these values.

4. COMMENTS

After oral administration, steviol glycosides are poorly absorbed in experimental
animals and in humans.

Intestinal microflora metabolize steviol glycosides to the aglycone, steviol, by
successive hydrolytic removal of glucose units. Data reviewed by the Committee
at its current and fifty-first meetings (Annex 1, reference 749) indicated that this
process is similar in rats and humans. The hydrolysis of rebaudioside A to steviol
was slower than that of stevioside. In humans treated orally with stevioside, small
amounts of steviol were detected in the plasma, with considerable interindividual
variability. The major route by which steviol is metabolized in humans in vivo
appears to be via conjugation with glucuronide and/or sulfate. Studies with liver
microsomal preparations indicated that steviol is also metabolized to a number of
hydroxy and dihydroxy derivatives via CYP-dependent pathways.
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Stevioside and/or steviol affected a variety of biochemical parameters in models
in vitro, indicating possible mechanisms of antihypertensive and antiglycaemic
effects that involve modulation of ion channels. High concentrations (e.g. 1 mmol/l)
of stevioside were required to produce a maximal increase in insulin secretion,
while steviol was effective at a concentration that was about three orders of
magnitude lower. Stevioside also affected a variety of biochemical parameters in
different animal species in vivo, mostly with parenteral administration; these
studies were considered by the Committee to be of limited relevance to dietary
exposure.

No new long-term studies of toxicity or carcinogenicity were available at the
present meeting. At its fifth-first meeting, the Committee noted that oral administra-
tion of stevioside (purity, 95.6%) at a dietary concentration of 2.5%, equal to 970
and 1100mg/kgbw per day in male and female rats, respectively, for 2 years was
not associated with toxicity. Reduced body-weight gain and survival rate were
observed with stevioside at a dietary concentration of 5%. In a new study, stevio-
side was found to inhibit the promotion of skin tumours by TPA in a model of skin
carcinogenesis in mice.

The Committee reviewed new data on genotoxicity that, considered together
with data reviewed by the Committee at its fifth-first meeting, allowed a number of
conclusions to be drawn. Stevioside and rebaudioside A have not shown evidence
of genotoxicity in vitro or in vivo. Steviol and some of its oxidative derivatives show
clear evidence of genotoxicity in vitro, particularly in the presence of a metabolic
activation system. However, studies of DNA damage and micronucleus formation
in rats, mice and hamsters in vivo indicate that the genotoxicity of steviol is not
expressed at doses of up to 8000 mg/kgbw.

One new study of developmental toxicity was available at the present meeting.
Adverse effects on the reproductive apparatus, which could be associated with
impaired fertility, were observed in male rats given a crude extract of S. rebaudiana,
at a dose corresponding to 1.34 g of dried leaves. However, at its fifth-first meeting,
the Committee reviewed a number of studies of reproductive and developmental
toxicity with stevioside (purity, 90% or 96.5%). Doses of up to 2500 mg/kgbw per
day in hamsters and 3000mg/kgbw per day in rats had no effect in studies of
reproductive toxicity. No teratogenic or embryotoxic effects were observed in rats
given stevioside at a dose of up to 1000mg/kgbw per day by gavage. The Com-
mittee considered that the adverse reproductive effects associated with administra-
tion of aqueous extracts of S. rebaudiana, noted at the present and fifty-first
meeting, were unlikely to be caused by steviol glycosides.

Stevioside is being investigated as a potential treatment for hypertension and
diabetes. Administration of stevioside at a dose of 750 or 1500 mg per day for 3-24
months resulted in decreased blood pressure in hypertensive patients, with no
adverse effects. These studies, in a limited number of subjects, provided some
reassurance that stevioside at a dose of up to 25mg/kgbw per day (equivalent to
10mg/kgbw per day expressed as steviol) for up to 2 years shows no evidence
of significant adverse effects in these individuals. There is no information on the
effects of repeated administration of stevioside on blood pressure in normotensive
individuals. A small study in 12 patients with type-2 diabetes showed that a single
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dose of 1g of stevioside reduced postprandial glucose concentrations and had no
effect on blood pressure.

The Committee evaluated information on intake of steviol glycosides, submitted
by Japan and China. Additional information was available from a report on S.
rebaudiana Bertoni plants and leaves that was prepared for the European Com-
mission by the Scientific Committee on Food. All the intake results are presented
in terms of equivalents of steviol, based on a conversion of 40% from the steviol
glycoside, stevioside (relative molecular mass: steviol, 318, stevioside, 805).

The Committee used the GEMS/Food database to prepare international esti-
mates of intake of steviol glycosides (as steviol). It was assumed that steviol gly-
cosides would replace all dietary sugars, at the lowest reported relative sweetness
ratio for steviol glycosides and sucrose, 200:1. The intakes ranged from 1.3mg/
kgbw per day (African diet) to 3.5mg/kgbw per day (European diet).

The Committee evaluated estimates of per capita intake derived from disap-
pearance (poundage) data supplied by Japan and China. The Committee also
evaluated estimates of intake of steviol glycosides based on the replacement of
all dietary sugars in the diets for Japan and the USA. These results are summa-
rized in Table 5.

The Committee concluded that the replacement estimates were highly con-
servative and that intake of steviol glycosides (as steviol) would be likely to be
20-30% of these values.

5. EVALUATION

The Committee noted that most of the data requested at its fifty-first meeting,
e.g. data on the metabolism of stevioside in humans, and on the activity of steviol
in suitable studies of genotoxicity in vivo, had been made available.

The Committee concluded that stevioside and rebaudioside A are not genotoxic
in vitro or in vivo and that the genotoxicity of steviol and some of its oxidative
derivatives in vitro is not expressed in vivo. The no-observed-effect level (NOEL)
for stevioside was 970mg/kgbw per day in a long-term study evaluated by the
Committee at its fifty-first meeting.

The Committee noted that stevioside has shown some evidence of pharmaco-
logical effects in patients with hypertension or with type-2 diabetes at doses cor-
responding to about 12.5-25mg/kgbw per day (equivalent to 5—-10mg/kgbw per
day expressed as steviol). The evidence available at present was inadequate to
assess whether these pharmacological effects would also occur at lower levels of
dietary exposure, which could lead to adverse effects in some individuals (e.g.
those with hypotension or diabetes). The Committee therefore decided to allocate
a temporary acceptable daily intake (ADI), pending submission of further data on
the pharmacological effects of steviol glycosides in humans.

A temporary ADI of 0-2mg/kgbw was established for steviol glycosides,
expressed as steviol, on the basis of the NOEL for stevioside of 970 mg/kgbw per
day (or 383mg/kgbw per day expressed as steviol) in the 2-year study in rats and
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a safety factor of 200. This safety factor incorporates a factor of 100 for inter- and
intraspecies differences and an additional factor of 2 because of the need for
further information. The Committee noted that this temporary ADI only applies to
products complying with the specifications.

The Committee required additional information, to be provided by 2007, on the
pharmacological effects of steviol glycosides in humans. These studies should
involve repeated exposure to dietary and therapeutic doses, in normotensive
and hypotensive individuals and in insulin-dependent and insulin-independent
diabetics.
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1. EXPLANATION

D-Tagatose is a ketohexose, an epimer of D-fructose isomerized at C4. It is
obtained from D-galactose by isomerization under alkaline conditions in the pres-
ence of calcium. Its properties permit its use as a bulk sweetener, humectant,
texturizer and stabilizer.

D-Tagatose was evaluated by the Committee at its fifty-fifth, fifty-seventh and
sixty-first meetings (Annex 1, references 149, 154 and 166). At its fifty-fifth meeting,
the Committee concluded that D-tagatose was not genotoxic, embryotoxic or tera-
togenic. It also concluded that an acceptable daily intake (ADI) could not be allo-
cated for D-tagatose because of concern about its potential to induce glycogen
deposition and hypertrophy in the liver and to increase the concentrations of uric
acid in serum. At its fifty-seventh meeting, the Committee evaluated the results of
four studies in experimental animals, the results of a study in volunteers and some
publications concerning the increased concentration of uric acid in serum after
intake of D-tagatose and other substances. The Committee decided to base its
evaluation on the human data reviewed in the course of these two meetings. A
no-observed-effect level (NOEL) of 0.75 g/kg bw per day was identified in a 28-day
study in which no effects were observed in humans receiving three doses of 15¢g
of D-tagatose per day. An ADI of 0-80mg/kg bw for b-tagatose was established
on the basis of this NOEL and a safety factor of 10.

At its sixty-first meeting, the Committee reviewed the results of two new studies
of toxicity in rats, and of two new studies of plasma concentrations of uric acid in
human volunteers; these studies were submitted by the sponsor with a request for
a re-evaluation of b-tagatose.

The Committee concluded that the 2-year study in rats demonstrated that the
previously-reported liver glycogen deposition and hypertrophy did not result in
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histopathological changes after long-term administration of b-tagatose, and thus
addressed the concerns expressed at the fifty-fifth meeting. However, this study
also identified new findings, namely increased adrenal, kidney and testes weights.
The Committee considered that these changes might have been caused by high
osmotic load resulting from the high dietary doses administered, but this could not
be confirmed in the absence of histopathological examination of these tissues.
Pending provision of the results of histopathological examination, the Committee
confirmed that the human data provided the most relevant basis for assessing the
acceptable intake of D-tagatose.

Results of a study in hyperuricaemic individuals indicated that the NOEL identi-
fied for normal individuals was also applicable to this vulnerable group. The Com-
mittee considered that a safety factor of 3 would be appropriate to allow for
interindividual variation. In view of the additional uncertainty regarding the nature
of the effects observed in the adrenals, kidneys and testes in the 2-year study in
rats, the Committee concluded that the ADI should be temporary and applied an
additional safety factor of 2. The previous ADI was removed, and the Committee
allocated a temporary ADI for D-tagatose of 0—-125mg/kg bw on the basis of the
NOEL of 0.75g/kg bw per day and a safety factor of 6.

The Committee considered that the temporary ADI did not apply to individuals
with hereditary fructose intolerance resulting from deficiency of 1-phosphofructo-
aldolase (aldolase B) or fructose 1,6-diphosphatase.

The Committee requested information on the histological examination of the
adrenals, kidneys and testes of the rats from the 2-year study by 2006. This infor-
mation was provided to the Committee for evaluation at its present meeting,
together with additional data on the risk to individuals with hereditary fructose
intolerance.

2. BIOLOGICAL DATA

2.1 Toxicological studies: long-term studies of toxicity
and carcinogenicity

The Committee considered an addendum to a report that had been discussed
at its sixty-first meeting, on a modified study of carcinogenicity conducted to inves-
tigate the effects of long-term administration of 2.5%, 5%, or 10% D-tagatose, 20%
fructose or 10% D-tagatose plus 10% fructose on the liver of Wistar rats. In
response to the Committee’s request, the addendum included the results of
histopathological examination of the testes, kidneys and adrenals of all rats. The
incidence of nephrocalcinosis showed an apparent dose-related trend in both
sexes. This was statistically significant in all groups of males treated with D-
tagatose. There was a high (88%) incidence of nephrocalcinosis in the female
control group, and a significant treatment-related effect was observed only in the
groups given 10% D-tagatose. Mineralization occurred mainly in the pelvic and
medullary regions of the kidneys. The incidence of adrenomedullary proliferative
lesions was significantly increased in males at 5% and 10% D-tagatose, and
also at 5% D-tagatose in females. This was predominantly associated with
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pheochromocytomas in males and medullary hyperplasia in females. There were
no other reported treatment-related effects. The incidence of Leydig cell
hyperplasia and adenomas was similar and within the range for historical controls
in all groups (Lina & Bér, 2003).

3. INTAKE

At its fifty-seventh meeting, the Committee estimated that the mean intake of
D-tagatose was between 3 and 9g/day and the 95th percentile of consumption
was up to 18g/day. These estimates, based on data on food consumption from
Australia, Member States of the European Union and the USA, were considered
to be still valid.

4. COMMENTS

Additional histopathological examinations were conducted on the adrenals,
kidneys and testes of Wistar rats fed diets containing 2.5, 5 or 10% D-tagatose, or
10% D-tagatose plus 10% fructose for 2 years. The observed changes were similar
to those reported in studies with other carbohydrates of low digestibility. The Com-
mittee has previously noted that gross dietary imbalance caused by high doses of
polyols may result in metabolic and physiological disturbances in rats, and are
associated with changes in calcium uptake and excretion accompanied by neph-
rocalcinosis and adrenal medullary hyperplasia (Annex 1, reference 62). These
changes were not considered to be of relevance to the safety evaluation of D-
tagatose. Carbohydrates of low digestibility do not increase the intestinal absorp-
tion of calcium in humans to the same extent as in rats. Rats, especially females,
are particularly prone to the development of nephrocalcinosis. The Committee has
previously noted the unique features of the rat adrenal medulla and concluded that
the occurrence of proliferative lesions of the adrenal medulla in rats fed with polyols
and lactose is a species-specific phenomenon (Annex 1, reference 122). An
increased incidence of Leydig cell tumours has been reported in male Wistar rats
fed diets containing 10% lactitol or 20% D-tagatose. This study demonstrated that
there were no toxicologically significant findings in rats fed D-tagatose at dietary
levels of up to 10% for 2 years (equal to approximately 4 and 5g/kgbw per day
for males and females, respectively).

The Committee further considered the risk to individuals with hereditary fructose
intolerance, which if untreated leads to metabolic disturbances, liver damage, renal
tubular disease and defective blood coagulation. Treatment requires almost
complete exclusion of sucrose, fructose and sorbitol. There is no direct evidence
establishing that individuals with hereditary fructose intolerance are also intolerant
to D-tagatose, but in view of their common biochemical pathways it is probable
that b-tagatose could produce the same adverse effects as fructose. At its fifty-fifth
meeting (Annex 1, reference 149), the Committee noted that the absorption of D-
tagatose by humans is not expected to exceed 20% of the administered dose.
However, the rate of gluconeogenesis from D-tagatose is slower than that from
fructose. Thus the Committee could not discount the possibility that, in individuals
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with hereditary fructose intolerance, tissue concentrations of b-tagatose could be
elevated or prolonged compared with those of fructose, leading to adverse
reactions.

The Committee has previously noted that gastrointestinal effects (nausea,
flatulence, diarrhoea) have been reported in some individuals after the consump-
tion of 309 of D-tagatose in a single dose.

The Committee at its fifty-seventh meeting estimated that the mean daily intake
of D-tagatose would range from 3 to 9 g/day and the 95th percentile of consumption
would be up to 18g/day. These estimates, based on data on food consumption
from Australia, Member States of the European Union and the USA, were consid-
ered to be still valid.

5. EVALUATION

At its sixty-first meeting, the Committee concluded that, pending provision of
the results of histopathological examinations from a 2-year study in rats, the human
data provided the most relevant basis for assessing the acceptable intake of D-
tagatose. The histopathological data had now been provided and demonstrated
that there were no toxicologically significant findings in rats given D-tagatose at
levels of up to 10% in the diet for 2 years (equal to approximately 4 and 5g/kg bw
per day for males and females, respectively). On the basis of the data reviewed
by the Committee at its sixty-first meeting and at its present meeting, and taking
into account the fact that b-tagatose has physiological and toxicological properties
similar to those of other carbohydrates of low digestibility, the Committee removed
the temporary ADI and allocated an ADI ‘not specified’ for D-tagatose.

The fact that ingestion of 30g or more of b-tagatose on a single occasion may
cause gastrointestinal effects in humans should be taken into account when con-
sidering appropriate levels of use.

The ADI ‘not specified’ does not apply to individuals with hereditary fructose
intolerance arising from 1-phosphofructoaldolase (aldolase B) deficiency or fruc-
tose 1,6-diphosphatase deficiency.

6. REFERENCE

Lina, B.A.R. & Bar, A. (2003) Chronic toxicity and carcinogenicity study with D-tagatose and
fructose in Wistar rats. Addendum 1 to unpublished report No. V4533 from TNO Nutrition
and Food Research, Zeist, Netherlands. Submitted to WHO by Bioresco Ltd., Basel,
Switzerland.
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1. EXPLANATION

Xylanases from Bacillus subtilis expressed in B. subtilis have not been
evaluated previously by the Committee. Xylanase (3-1,4-D-xylan xylanohydrolase,
B-1,4-D-xylanohydrolase, 1,4-xylanase, endo-1,4-xylanase) is an enzyme that
catalyses the hydrolysis of xylans and arabinoxylans to mono- and oligosaccha-
rides. The activity of the petitioned enzyme is measured relative to that of
the standard enzyme and is expressed in total xylanase units (TXU)'. The Com-
mittee received information on three xylanases, designated BS1, BS2, and BSS.
These xylanases are derived from nonpathogenic and nontoxigenic, genetically
modified strains of B. subtilis. B. subtilis has been a source of enzymes used in

' Xylanase activity can also be expressed in Danisco xylanase units (DXU); 1TXU =
24.15DXU.
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food for many years. Xylanases BS1 and BS2 are identical to the native xylanase
of B. subtilis. Xylanase BS3 differs from the native enzyme by two amino acids
and is resistant to the xylanase inhibitor present in flour. Xylanases BS2 and BS3
are used as processing aids in baking applications to increase tolerance towards
variations in process parameters, improve the dough, and increase the volume of
baked goods. Use levels range from 500 to 13300TXU/kg of flour for xylanase
BS3, and from 3000 to 40000 TXU/kg of flour for xylanase BS2. The xylanase BS2
preparation contains 0.3mg of total organic solids (TOS) per 1000 TXU, and the
xylanase BS3 preparation contains 1.5mg of TOS per 1000 TXU.

1.1 Genetic modification

Three production strains for xylanases BS1, BS2 and BS3 were developed by
transformation of the B. subtilis host strain with an appropriate transformation
vector. The host strain is derived from the well-characterized, nonpathogenic and
nontoxigenic B. subtilis wild-type strain 168. Three transformation vectors were
constructed based on the commonly used plasmid pUB110. The vectors contain
the xylanase gene derived from B. subtilis strain 168. Two vectors encode xyla-
nases BS1 and BS2, both of which are identical to the native xylanase A from
strain 168. The vector encoding xylanase BS1 also contains genes encoding pro-
teins that inactivate the antibiotics kanamycin/neomycin and phleomycin. These
proteins are intracellular and are not carried over into the xylanase preparation.
The vector encoding xylanase BS2 was genetically modified to remove the genes
conferring resistance to the antibiotics. The third transformation vector encodes
xylanase BS3, which was genetically modified by two amino acid substitutions to
be resistant to the xylanase inhibitor present in flour. This vector does not contain
genes conferring resistance to the antibiotics. Each vector was introduced into the
host strain to obtain the corresponding xylanase production strain. All the intro-
duced DNA is well-characterized and would not result in the production of any toxic
or undesirable substances. The production strain is stable with respect to the
introduced DNA.

1.2 Product characterization

Each xylanase is produced by pure culture fermentation of the respective pro-
duction strain. Xylanase is secreted into the fermentation medium, from which it
is subsequently recovered, concentrated, and formulated using substances suita-
ble for use in food, such as starch and salt. Two xylanase preparations, one con-
taining the native xylanase BS2 and the other containing the modified xylanase
BS3, which is resistant to the xylanase inhibitor in flour, have been marketed.
These xylanases would be denatured at temperatures >50°C and would not be
enzymatically active in food as consumed. Both xylanase preparations® conform

2 Two specification monographs were prepared for xylanase preparations containing
xylanases BS2 and BS3, the respective titles being Xylanase from Bacillus subtilis expressed
in B. subtilis, and Xylanase (resistant to xylanase inhibitor) from Bacillus subtilis containing
a modified xylanase gene from B. subtilis.
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to the General specifications for enzyme preparations used in food processing
(Annex 1, reference 156). The xylanase preparation containing xylanase BS1 is
not intended for commercialization.

2. BIOLOGICAL DATA
2.1 Biochemical aspects

No information was available.

22 Toxicological studies

Toxicological studies have been performed with different test batches of the
three enzyme preparations, each being brown, water-soluble liquid concentrates
from a fermentation with the recombinant strain. Although for the enzyme prepara-
tion designated as xylanase BS3 the enzyme content was originally expressed in
DXU, this was converted to TXU in the study descriptions below, for comparison
purposes.

2.2.1  Acute toxicity

Studies of acute toxicity have been performed with three enzyme test prepara-
tions, designated as xylanases BS1 (or Bacillus xylanase), BS2 and BSS3, with
enzyme contents of 100000 TXU/ml, 106000TXU/g and 110000TXU/g, respec-
tively. The TOS contents of these preparations were 20.1%2, 3.25%, and 15.9%,
respectively. The studies followed OECD test guideline 420 (fixed dose procedure,
1992/2001), and were certified for compliance with good laboratory practice (GLP)
and quality assurance (QA). The results are summarized in Table 1.

2.2.2  Short-term studies of toxicity
Rats

Groups of five male and five female Wistar rats (aged 6—7 weeks) were given
xylanase BS3 (batch TOX2; enzyme content, 41 125TXU/g; TOS content, 6.25%)
at a dose equivalent to 0, 20000, 50000, or 200000TXU/kgbw by gavage (in
sterile water), daily for 4 weeks. The study was performed according to OECD test
guideline 407 (1995), and was certified for compliance with GLP and QA. All visible
signs of ill health or behavioural changes were recorded daily, as were morbidity
and mortality. Once per week, body weight and food consumption were recorded,
and detailed clinical observations were performed outside the cage. In week 4, all
animals were examined for sensory reactivity to different types of stimuli, grip
strength, and motor activity. At termination of treatment, blood and urine samples
were collected from all animals for haematology, clinical chemistry, and urine

3 This is a theoretical value, since dry matter and ash content were not known.
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Table 1. Acute toxicity of xylanase administered orally

Enzyme preparation Species Sex LDso Reference
(mg/kgbw)
BS1, batch 150699-3 Rat M, F >2000? Kaaber (1999); Harbak &
Thygesen (2002)
BS2, batch TOX1 Rat F >2000° Bollen (2003a)
BS3, batch TOX1 Rat F >2000° Bollen (2003b)

F, female; M, male.

@ Equivalent to 200000 TXU/kgbw.
® Equivalent to 212000 TXU/kg bw.
¢ Equivalent to 220000 TXU/kg bw.

analysis determinations. At necropsy, a macroscopic examination was performed
on all animals, and absolute and relative (to body weight) weights of 11 organs
were determined. Microscopy was carried out on about 40 organs and tissues from
all animals in the control group and in the group receiving the highest dose.

No treatment-related changes were observed in any of the parameters
examined. The no-observed-effect level (NOEL) was 200000 TXU/kgbw per day
(equivalent to an intake of TOS of 304 mg/kgbw per day), the highest dose tested
(Kaaber, 2003).

Groups of ten male and ten female Wistar rats (aged 5-6 weeks) were
given xylanase BS1 (or Bacillus xylanase; batch 150699-1; enzyme content,
38900 TXU/ml; and TOS content, 3.04%) at a dose equivalent to 0, 8000, 20000,
or 80000TXU/kgbw by gavage (in sterile water), daily for 13 weeks. The study
was performed according to OECD test guideline 408 (1998), and was certified for
compliance with GLP and QA. All visible signs of ill health or behavioural changes
were recorded daily, as were morbidity and mortality. Once weekly, body weight
and food consumption were recorded, and detailed clinical observations were
performed outside the cage. Ophthalmoscopy was performed on all animals at the
start of the experiment, and animals in the control group and at the highest dose
were re-examined before termination. In week 12, all animals were examined for
sensory reactivity to different types of stimuli, grip strength, and motor activity. At
termination of treatment, blood samples were collected from all animals for hae-
matology and clinical chemistry determinations. At necropsy, a macroscopic exami-
nation was performed on all animals, and absolute and relative (to body weight)
weights of 11 organs were determined. Microscopy was carried out on about 40
organs and tissues from all animals in the control group and at the highest dose,
on all organs and tissues from animals dying or sacrificed during the study, and
on all gross lesions from all animals.
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No treatment-related effects were seen on mortality, clinical signs, ophthalmos-
copy, sensory reactivity, body weights, and (in females) food consumption. In
males, statistically significant changes in food consumption were observed during
some weeks of treatment. These changes showed no dose—response relationship,
and there was no statistically significant change in food consumption over the
whole period of treatment. The only effects seen on haematology were small, but
statistically significantly decreased relative numbers of lymphocytes in males in all
treatment groups (without a clear dose-response relationship) and somewhat
greater, but not statistically significantly decreased absolute numbers of lym-
phocytes in males at the intermediate and highest doses. Females also showed
decreases in relative (at the highest dose only) and absolute numbers of lym-
phocytes (at the intermediate and highest dose), but these decreases were not
statistically significant. Examination of the individual data revealed a wide variation
in relative and absolute numbers of lymphocytes in animals in the control group
and animals in the treated groups. In a 4-week study (Kaaber, 2003; described
above), higher doses than those used in the present study did not result in signifi-
cant effects on lymphocytes. Taking the results as a whole, the findings on lym-
phocytes in this study were not considered to be toxicologically relevant. Clinical
chemistry parameters were not affected by treatment, nor were organ weights, or
findings on macroscopy and microscopy. The NOEL was 80000 TXU/kgbw per day
(equivalent to 63 mg of TOS/kgbw per day), the highest dose tested (Glerup, 1999;
Harbak & Thygesen, 2002).

2.2.3 Long-term studies of toxicity and carcinogenicity

No information was available.

2.2.4  Genotoxicity

The results of four studies of genotoxicity with xylanase in vitro are summarized
in Table 2. The first three studies followed OECD test guideline 471 (1997), and
were certified for compliance with GLP and QA. In these studies, three enzyme
preparations designated as xylanases BS1 (or Bacillus xylanase; TOS content*,
7.8%; enzyme content, 38900 TXU/ml), BS2 (TOS content, 6.1%; enzyme content,
156000TXU/g) and BS3 (TOS content, 8.2%; enzyme content, 39875TXU/q)
were tested. Xylanase BS1 was also tested in the fourth study, which followed
OECD test guideline 473 (1997), and was also certified for compliance with GLP
and QA.

2.2.5 Reproductive toxicity

No information was available.

* Values given for total organic solids contents are theoretical values. Since ash contents
were not known, it was assumed that all dry matter was organic material.
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2.3 Observations in humans

No information was available.

3. INTAKE

The petitioned enzyme preparations would be used in the milling and baking
industries, mainly to improve the dough. They may be used in yeast-raised or
chemically-leavened wheat and rye-based bakery products (including bread,
cakes, pastries, biscuits, crackers, pasta and noodles) at use levels ranging from
12000 to 320000 DXU/kg of flour for xylanase BS3 (equivalent to 500—13 300 TXU/
kg of flour or 0.06—-1.6mg of xylanase/kg of flour, given the specific activity of
202900 DXU (or 8400 TXU)/mg). The use levels for xylanase BS2 range from 3000
to 40000 TXU/kg of flour (equivalent to 0.12—1.6 mg of xylanase/kg of flour, given
the specific activity of 25000 TXU/mg). A lower minimum dosage might be sufficient
for xylanase BS3, despite the fact that it has a lower specific activity than that of
xylanase BS2, because its amino-acid sequence had been modified such that the
enzyme does not bind so easily to a xylanase inhibitor found naturally in flour.

As the enzyme is inactivated during baking (data provided suggest that it is
completely inactivated after 5min at 70°C), it is not active in the final product as
eaten. It can thus be regarded as a processing aid.

In order to estimate the daily intake resulting from consumption of bakery
products in a ‘worst-case’ situation, the following assumptions were made:

—All baking products are produced using the xylanase enzyme preparations as
a processing aid;

—The flour content in bakery products is 66%;

—The dosage is set at the maximum recommended level, that is: 1.6mg of
xylanase/kg of flour for all preparations (equivalent to 13300TXU/kg of flour
for xylanase BS3, and to 40000 TXU/kg of flour for xylanase BS2).

The upper physiological consumption of food is 50g/kgbw per day according
to the budget method (Hansen, 1979). A ‘worst-case’ situation is that of the inges-
tion of bakery products at 25 g/kgbw per day. The hypothetical intake of flour from
bakery products would then be 16.5g of flour/kgbw per day (25x0.66), resulting
in a daily enzyme intake of 26.4 g of xylanase/kgbw, equivalent to 219TXU (or
0.3mg of TOS)/kgbw per day for xylanase BS3 and 660TXU (or 0.2mg of TOS)/
kgbw per day for xylanase BS2.

4. COMMENTS

Xylanases naturally present in food and xylanases used as enzymes in food
processing have not been reported to cause allergic reactions. By analogy, it is
not likely that the B. subtilis xylanases under evaluation will cause allergic reactions
after ingestion of food containing the residues of these enzymes.
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Toxicological studies were performed with test batches of the water-soluble
liquid enzyme concentrates. These bacterial enzyme preparations were not acutely
toxic when tested in rats, nor were they mutagenic in assays in bacteria in vitro or
clastogenic in an assay for chromosomal aberrations in mammalian cells in vitro.
No significant treatment-related effects were seen in a 4-week study in rats treated
by gavage with xylanase BS3 at doses up to and including 200000 TXU/kgbw per
day (equivalent to 304 mg of TOS/kgbw per day), the highest dose tested, or in a
13-week study in rats treated by gavage with xylanase BS1 at doses up to and
including 80000 TXU/kgbw per day (equivalent to 63mg of TOS/kgbw per day),
the highest dose tested. These highest doses were therefore considered to be the
NOELs in these studies.

Conservative estimates of daily intakes resulting from the use of xylanase in
baking applications were 660 TXU/kgbw per day (or 0.2mg of TOS/kgbw per day)
for xylanase BS2, and 219TXU/kgbw per day (or 0.3mg of TOS/kgbw per day)
for xylanase BS3. When these intakes were compared with the NOEL of
200000TXU/kgbw per day (equivalent to 304mg of TOS/kgbw per day), the
highest dose tested in the 4-week study of oral toxicity, the margins of safety were
>1000 for both enzyme preparations. When these intakes were compared with the
NOEL of 80000 TXU/kgbw per day (equivalent to 63mg of TOS/kgbw per day),
the highest dose tested in the 13-week study of oral toxicity, the margins of safety
were >200 for both enzyme preparations.

5. EVALUATION

The Committee allocated an acceptable daily intake (ADI) ‘not specified” for
xylanase from this recombinant strain of B. subtilis, used in the applications speci-
fied and in accordance with good manufacturing practice.
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1. EXPLANATION

Zeaxanthin (3R,3’R-dihydroxy-f-carotene), a naturally occurring xanthophyll
pigment, is an oxygenated carotenoid that has no provitamin A activity. It occurs
together with the isomeric xanthophyll pigment, lutein (see monograph in this
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Figure 1. Chemical structure of zeaxanthin

volume, p 49), in many foods, particularly vegetables and fruit. It is intended to be
used as a food colour and as a nutritional supplement in a wide range of applica-
tions at concentrations ranging from 0.5 to 70mg/kg. An extract from Tagetes
erecta L. containing primarily lutein with variable amounts of antheraxanthin and
other xanthophylls was considered by the Committee at its thirty-first meeting
(Annex 1, reference 77). At that time, no toxicological data were available and no
evaluation was made. For the present meeting, information was received for two
different products: synthetic zeaxanthin and zeaxanthin-rich extract from Tagetes
erecta L. However, the Committee did not receive any toxicological data supporting
the safety evaluation of the extract. A number of toxicological studies have been
carried out with respect to the safety of synthetic zeaxanthin for addition to food
and these were evaluated by the Committee at its present meeting.

2. BIOLOGICAL DATA

2.1 Biochemical aspects

2.1.1 Absorption, distribution, and excretion
(a) Absorption and availability

Xanthophylls may be ingested in either free or esterified forms, although
unesterified zeaxanthin is the subjet of the present evaluation. Before absorption,
the esters are hydrolysed by pancreatic esterases and lipases (Breithaupt et al.,
2002) such that only the free forms are found in the circulation (Wingerath et al.,
1995). Once released from their food matrix as a lipid emulsion, like other non-
polar lipids, these compounds must be solubilized within micelles in the gastro-
intestinal tract to permit absorption by mucosal cells (Erdman et al., 1993). The
transfer of carotenoids from lipid emulsion droplets to mixed micelles depends on
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their hydrophobicity, as well as pH and concentration of bile acid (Tyssandier et
al., 2001). Other carotenoids such as lycopene and xanthophylls can impair the
transfer of B-carotene, but neither B-carotene nor other xanthophylls affect
the transfer of lutein (Tyssandier et al., 2001). The more polar carotenoids such
as the xanthophylls are preferentially solubilized in the surface of lipid emulsion
droplets and micelles, while the less polar carotenoids are incorporated into the
core area (Borel et al., 1996). This facilitates the transfer of compounds like zea-
xanthin from the lipid droplets to the aqueous phase. Indeed, it has been demon-
strated that the xanthophylls are more readily incorporated into micelles than other
carotenoids (Garrett et al., 1999, Garrett et al., 2000).

The absorption of carotene is higher when fat is added to the diet (Roodenburg
et al., 2000) and lower in disease-induced fat malabsorption (Erdman et al., 1993).
The presence of fat in the small intestine stimulates the secretion of bile acids from
the gall bladder and improves the absorption of carotenoids by increasing the size
and stability of micelles, thus allowing more carotenoids to be solubilized. Absorp-
tion of carotenoids by mucosal cells is believed to occur by passive diffusion
(Hollander & Ruble, 1978).

After uptake into mucosal cells, carotenoids are incorporated into chylomicrons
and released into the lymphatics. When mucosal cells are sloughed off, carot-
enoids that have been taken up by the cells, but not yet incorporated into chylo-
microns, are lost into the lumen of the intestine. The carotenoids within the
chylomicrons are transported to the liver where they are distributed among the
lipoprotein fractions. In contrast to the less polar carotenoids, a significant fraction
of the xanthophylls is carried in the blood stream by high-density lipoprotein (HDL)
(Romanchik et al., 1995).

The absorption of carotenoids including zeaxanthin is potentially affected by
the food matrix in which the carotenoids are consumed, dietary fat, and the pres-
ence of other carotenoids in the diet (Castenmiller & West, 1998; Zaripheh &
Erdman, 2002).

While no information on zeaxanthin itself was provided, the relative availability
of lutein from a mixed vegetable diet has been shown to be 67% relative to that
from a diet supplemented with pure lutein (van het Hof et al., 1999a). In another
study, the relative bioavailability of lutein and B-carotene from various spinach
products was compared with that from supplements (6.6 mg of lutein plus 9.8 mg
of B-carotene). The values ranged from 45-54% for lutein to only 5.1-9.3% for [3-
carotene (Castenmiller et al., 1999). The presence of dietary fibre may explain, at
least in part, the low availability of carotenoids from plant foods. It has been sug-
gested that fibre interferes with the formation of micelles by partitioning bile salts
and fat in the gel phase of the fibre. Processing, such as mechanical homogeniza-
tion or heat treatment, has been shown to increase the availability of -carotene
in vegetables from 18% to 600% (van het Hof et al., 2000). There is evidence,
however, that disruption of the matrix affects the availability of carotenoids differ-
entially, possibly because of differences in their lipophilic character. For example,
the plasma response of lutein was increased by about 14% when spinach was
consumed chopped instead of whole, while B-carotene was not affected (van het
Hof et al., 1999b). The matrices of formulated natural or synthetic carotenoids (e.g.
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water-dispersible beadlets, crystalline powders, oil suspensions) and whether the
compounds are esterified or non-esterifed may clearly affect availability (Swanson
et al., 1996; Boileau et al., 1999).

Because the absorption of carotenoids occurs via incorporation into mixed
micelles, ingestion of fat affects their availability. The amount of dietary fat required
to ensure the absorption of carotenoids seems to be low (3-5g/meal), although it
depends on the physico-chemical characteristics of the carotenoids ingested. In
one experiment, lutein, added as esters, gave plasma concentrations about 100%
higher when consumed with 35 g of fat than with 3 g of fat (van het Hof et al., 2000).
The small amount of fat may have limited the solubilization of lutein esters and/or
the release of esterases and lipases (Roodenburg et al., 2000). Availability of
carotenoids is also affected by the absorbability of the dietary fat (Borel et al.,
1998).

Egg yolk is an example of a source of highly available zeaxanthin and lutein.
The lipid matrix of the egg yolk containing cholesterol, triacylglycerols and
phospholipids provides a vehicle for the efficient absorption of the xanthophylls
(Handelman et al., 1999).

Interactions between carotenoids may decrease absorption. Competition for
absorption may occur at the level of micellar incorporation, intestinal uptake, lym-
phatic transport or at more than one level. Alternatively, simultaneous ingestion of
various carotenoids may induce an antioxidant-sparing effect in the intestinal tract
resulting in increased levels of uptake of the protected carotenoids. It has been
demonstrated that in the presence of high amounts of B-carotene, the uptake of
xanthophylls from the intestinal lumen by chylomicrons is greater than that of 3-
carotene (Gartner et al., 1996). A number of studies on the interaction of dietary
B-carotene and lutein have reported varying effects of one carotenoid on the
absorption or plasma concentrations of the other (Micozzi et al., 1992; Kostic et
al., 1995; van den Berg, 1998; Tyssandier et al., 2002). Van den Berg (1999) has
concluded that in general, long-term supplementation with B-carotene has limited
or no effect on plasma concentrations of other carotenoids. However, in the o-
Tocopherol, B-Carotene Cancer Prevention Study (ATBC Study), a total of 29133
male Finnish smokers aged 50—69 years were given daily supplements of 20mg
of B-carotene (0.3mg/kgbw per day) for an average of 6.7 years. Significantly
decreased serum concentrations of lutein (no changes in zeaxanthin) were
observed in comparison with groups that did not receive p-carotene supplements
(Albanes et al., 1997).

A number of non-dietary factors also negatively affect the availability of caro-
tenoids, including exposure to tobacco smoke, alcohol consumption, intestinal
parasites, malabsorption diseases, liver and kidney diseases, hormone status,
poor iron, zinc and protein intake, gastric pH and hyperthyroidism (Albanes et al.,
1997; Williams et al., 1998., Patrick, 2000; Alberg, 2002).

(b) Pharmacokinetic studies

Pharmacokinetic studies with zeaxanthin have been performed in mice, rats
and humans.
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Mice

In a study designed to investigate the uptake of lutein/zeaxanthin, BALB/c mice
received diets containing an extract of marigold petals for up to 28 days (Park et
al., 1998). Based on data on food intake and body weight, daily intakes of lutein
for each group of 36 mice corresponded to approximately 0, 75, 150, 300, and
600 mg/kgbw, while intakes of zeaxanthin were approximately 0, 1.0, 2.0, 4.0, and
8.0mg/kgbw, respectively. Six mice per group were killed on days 0, 3, 7, 14, 21
and 23. Body, liver and spleen weights did not differ throughout the experiment.
Plasma uptake of lutein and zeaxanthin (in all cases analysed together) was rapid
and reached maximum concentrations (about 3pumol/l) by day 3 of dosing (the first
time-point examined after the start of dosing) and did not differ between groups
thereafter until day 28. There was also a rapid increase to day 3 in concentrations
of lutein and zeaxanthin in liver and spleen with continued, though small, increases
to day 28. The liver was considered to be the major storage organ for lutein and
zeaxanthin.

Rats

The absorption, excretion, tissue distribution and plasma kinetics of zeaxanthin
were investigated in groups of male and female Han Wistar rats given a single
oral (gavage) dose of ['“C]R, R-all-E-zeaxanthin (99%) at 2 or 20mg/kgbw in a
beadlet formulation containing gelatin and vegetable oil (three to five rats per
measurement). Before administration of the radiolabeled dose, rats had been
treated with nonradiolabelled synthetic zeaxanthin (99%) added to the diet as a
beadlet formulation for 2 weeks at the same daily dose (2 or 20mg/kgbw per day)
to establish steady-state conditions. Radioactivity was determined in expired air,
urine, bile, faeces, plasma, blood organs and tissues.

Peak plasma concentrations of zeaxanthin were observed at 6 and 3h after
administration of the lower dose, and at 8 and 6h after the higher dose, in males
and females respectively. Plasma concentrations were below the limit of detection
by 36-48h after dosing. Tissue concentrations of zeaxanthin were highest in the
gastrointestinal tract (stomach, and small and large intestines), liver, spleen,
kidney, pancreas, and lungs, with measurable amounts also in the thyroid and
adrenals. Radioactivity was almost completely cleared from tissues by 96h, the
last time-point evaluated, and there was no evidence of accumulation. Saturation
of the absorption pathway for zeaxanthin at the higher dose was suggested both
by a non-linear increase in the area under the curve of concentration—time (AUC)
(an approximately twofold increase for a tenfold increase in dose) and by data on
urinary excretion. Chromatograms obtained for each of the pooled plasma samples
of each sex at both doses indicated the presence of up to seven components,
none of which was identified.

Most of the administered radiolabel was excreted in the faeces of both male
and female rats (about 90% and about 100% at doses of 2mg/kg and 20 mg/kg,
respectively). Urinary excretion accounted for a mean of only 3—-4% and about 1%
at the lower and higher doses, respectively, in both sexes. Excretion was rapid,
with most of the radioactivity being excreted in the first 48 h after dosing. Biliary
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excretion was minimal after either dose (approximately 0.5% of the administered
dose). No radiolabel was associated with the expired air in this study, indicating
that the site of labelling was stable. From the data on urinary excretion, the oral
absorption of total radioactivity was about 4% in both sexes at the lower dose, and
only about 1% in both sexes at the higher dose. There were reported to be no
relevant differences between males and females (Froescheis et al., 2001).

A distribution study with zeaxanthin of a higher specific activity than that used
in the study reported above was conducted in groups of three male albino Ibm:
RORQO rats pre-treated with zeaxanthin-poor (basic rat diet containing a maximum
of 0.0001% zeaxanthin, equivalent to about 0.08 mg/kgbw per day) or zeaxanthin-
enriched diet (containing 0.001% zeaxanthin, equivalent to about 0.8 mg/kgbw per
day) for 5 weeks. A single dose of (7,8,7’,8/['*C])-zeaxanthin in a liposomal prepa-
ration was administered orally by gavage. As in the previous experiment, zeaxan-
thin was mainly excreted in the faeces (50-70% of administered radiolabel in 24 h),
with 6-11% of the radioactivity in the urine after 24 h. Approximately 1% of the
applied dose, or about 4—7% of the absorbed dose, was measured in the expired
air during the first 24 h after the administration of radiolabeled zeaxanthin. Based
on the urine and tissue measurements, and assuming that there was no entero-
hepatic circulation, absorption ranged between 9-15% for the rats given the
zeaxanthin-poor diet to 13-19% for the rats given the zeaxanthin-enriched diet
(biliary excretion was not considered). After 24h, about one-third of the
administered radiolabel was still present in the body and intestinal tract, while after
1 week, <0.5% was present. It was concluded that the radioactivity from
[“C]zeaxanthin is rapidly depleted from the body and the gastrointestinal tract in
rats (Glatzle et al., 1999a, 1999b).

The distribution of zeaxanthin was investigated in groups of 20 male FU-albino
(RORO) rats fed diets containing nonradiolabelled zeaxanthin at a concentration
of 10mg or 100 mg/kg of feed, added as a beadlet formulation (a dose of approxi-
mately 0.8mg or 8mg/kgbw per day) (Bausch et al., 1999). Five rats per group
were killed after 35 days of accumulation (receiving a diet containing zeaxanthin),
then after 7, 21 and 35 days of depletion (receiving a zeaxanthin-free diet). A
dose-dependent accumulation of zeaxanthin was found in several tissues, with the
exception of the thyroid gland and the eye, where concentrations were undetect-
able. After 35 days of accumulation, the highest concentrations of zeaxanthin were
found in the small intestine (about 3.3 ug/g) and spleen (about 2.75 ug/g), followed
by liver (about 0.4 ug/g), fat (about 0.14 ug/g) and adrenal glands (about 0.12 ug/g)
(values are for the higher dose). There was a pronounced decrease in tissue
concentrations of zeaxanthin during a subsequent 5-week period when rats
received a zeaxanthin-free diet. For many tissues, >50% of zeaxanthin was lost
in the first week, followed by a slower rate of loss.

Humans

Concentrations of lutein and zeaxanthin in serum and tissues have been shown
to be quite variable (Boileau et al., 1999), but to increase, as expected, with
increased intake either from dietary sources or from supplements (e.g. Hammond
et al., 1997; Landrum et al., 1997a, 1997b; Carroll et al., 1999; Tucker et al., 1999;
Berendschot et al., 2000; Johnson et al., 2000; Curran-Celantano et al., 2001;
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Olmedilla et al., 2001; Schalch et al., 2001; Bone et al., 2003). In a population-
based study, Brady et al. (1996) reported that lower serum concentrations of lutein
and zeaxanthin are generally associated with males, smoking, younger age, lower
concentrations of HDL cholesterol, greater consumption of ethanol and higher body
mass index. Carotenoids are present in variable amounts in many tissues such as
kidneys, buccal mucosal cells and adrenal glands, but the main sites of storage
are adipose tissue and liver (Parker, 1996). As in serum, B-carotene, lutein and
lycopene are the main carotenoids found in tissues, although B-cryptoxanthin and
zeaxanthin are also present in significant amounts (Boileau et al., 1999). The eye
in general, and the retina in particular, contain extraordinarily high concentrations
of zeaxanthin and lutein (Bone et al., 1993). Other carotenoids are present in
only trace amounts in the retina and lens (Khachik et al., 1997a, 1997b, Yeum et
al., 1999, Bernstein et al., 2001). Zeaxanthin and lutein are the pigments
responsible for the colouration of the macula lutea (yellow spot) (Landrum & Bone,
2001).

There have been two pharmacokinetic studies with zeaxanthin in humans. The
plasma concentrations of lutein and zeaxanthin were measured in a small pilot
study in groups of eight volunteers (four men and four women) receiving daily
supplements comprising capsules containing either 4.1 mg of lutein (with 0.34mg
of zeaxanthin) or 20.5mg of lutein (with 1.7 mg of zeaxanthin) for 42 days (Cohn
et al., 2001). Subjects were monitored for a further 25 days after the dosing phase.
Steady-state concentrations of xanthophyll were reached between days 38 to 43
(0.06 umol/l and 0.13umol/l for the lower and higher doses, respectively). Dose-
normalized incremental maximum and average steady state concentrations of
lutein and zeaxanthin were found to be comparable, indicating that they have
similar bioavailability. The elimination half-life was calculated to be approximately
5-7 days for either compound.

In a subsequent study, after a run-in period of 3 days to define base-line con-
centrations, capsules providing doses of either 1mg or 10 mg of zeaxanthin were
administered daily to groups of five men and five women for 42 days (Cohn et al.,
2002, Hartmann et al., 2004). Accumulation of plasma zeaxanthin was monitored
between days 1 and 42, and the kinetics of disappearance were followed from day
42 to day 76. Concentrations of zeaxanthin increased from 0.048 + 0.026 umol/l
at baseline to 0.20 + 0.07 and 0.92 + 0.28umol/l at 1 and 10mg of zeaxanthin
respectively. The dose-normalized bioavailability of zeaxanthin after the 10mg
dose was 40% lower than after the 1 mg dose. After 17 days of dosing, >90% of
the concentration at steady-state was reached, which was compatible with an
effective half-life of accumulation of 5 days. The terminal elimination half-life was
12 + 7 days. Multiple doses of 1 or 10mg of zeaxanthin did not affect plasma
concentrations of other carotenoids, retinol, o-tocopherol or lipids. 3’-Dehydro-
lutein was shown to be derived from zeaxanthin and had the same plasma con-
centration profile as zeaxanthin. It is reported that both doses of zeaxanthin were
well tolerated by all subjects.

2.1.2 Biotransformation

A number of compounds derived from lutein and zeaxanthin have been identi-
fied in human serum (Figure 3) (reviewed by Khachik et al., 1995a). These are
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called ‘metabolites’, but they undoubtedly are formed by chemical rather than
enzymatic reactions. The metabolites result principally from three types of reac-
tions involving the end groups of these carotenoids — oxidation, reduction and
double-bond migration (Figure 3).

Lutein and zeaxanthin can exist in equilibrium involving the intermediate caro-
tenoid 3’-epilutein. Allylic oxidation of lutein at C3 results in the formation of oxo-
lutein B, which can exist in equilibrium with lutein and 3’-epilutein through reduction
reactions. 3’-Epilutein and zeaxanthin can also exist in equilibrium through revers-
ible double-bond migration. Thus, presence of 3’-epilutein in human serum may
be due to conversion of lutein and/or zeaxanthin. Acid-catalysed dehydration is
another reaction of carotenoids with 3-hydroxy-e end groups. Lutein is believed to
undergo dehydration in stomach acid to form 3-hydroxy-3’,4’-didehydro- B,y-caro-
tene and 3-hydroxy-2’,3’-didehydro-f,e-carotene (anhydroluteins) that have been
isolated from serum. In addition to their presence in human serum, these metabo-
lites have also been detected in breast milk as well as retinal extracts (Khachik et
al., 1995b; Khachik et al., 1997a, 1997b). The toxicological importance of these
compounds is not known.

Figure 3. Proposed reactions of lutein and zeaxanthin in humans
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2.1.3  Effects on enzymes and other biochemical parameters

The xanthophylls are not considered to be precursors of retinol. Indeed, they
have been shown to have little or no activity as substrates of 3-carotene-15,15’-
dioxygenase, although they are able to inhibit the conversion of B-carotene to
retinol (Ershov et al., 1993; van Vliet et al., 1996; Grolier et al., 1997). However,
in a model in rats, Weiser & Korman (1993) showed that the xanthophylls have
small but significant provitamin A activity (4—5% of the activity of B-carotene), prob-
ably via a vitamin A-sparing effect. Furthermore, Weiser & Korman reported that
dietary zeaxanthin is able to induce duodenal 15,15’-dioxygenase activity in chicks
aged 1 day.

Although there are no studies on the effects of zeaxanthin on the enzymes of
drug metabolism, studies have shown that lutein (extracted from marigold petals
and likely to contain small amounts of zeaxanthin) has no effect on a number of
phase | and phase Il enzymes in rat liver, lung and kidney (Gradelet et al., 1996;
Jewell & O’Brien, 1999).

22 Toxicological studies
2.2.1  Acute toxicity

Studies of acute toxicity with zeaxanthin were performed in rats and mice
(Baechtold, 1977a, 1977b). All mice and rats survived for 10 days after a single
oral dose of zeaxanthin of up to 4000 mg/kgbw in rats and 8000 mg/kgbw in mice.
The LDs, values in rats and mice are therefore >4000 and 8000 mg/kgbw,
respectively.

2.2.2  Short-term studies of toxicity
Mice

In a study of oral toxicity, which did not comply with good laboratory practice
(GLP), albino-SPF mice were diets containing all-frans-3R,3’ R-zeaxanthin incor-
porated into gelatin-coated beadlets containing a fine suspension of 9.3% of the
pure compound (purity, 97.6%) for 13 weeks. Some batches of beadlets contained
up to 0.15% chloroform, a residue from the synthetic procedure. Groups of 10 male
and 10 female mice received zeaxanthin at nominal doses of 250, 500, or 1000 mg/
kgbw per day. Using ‘placebo’ beadlets, adjustments were made such that all four
groups received the same amount of beadlets (about 10% of feed). In addition,
there was a control group that received beadlets that did not contain zeaxanthin.
No treatment-related effects were observed throughout the study. Haematology,
blood chemistry and urine analysis measurements showed no evidence of toxicity
caused by. There were no treatment-related findings by ophthalmoscopic examina-
tion. In contrast with later studies in rats and dogs, no discolouration of adipose
tissue was reported. Findings at necropsy and histopathological examination of
tissues revealed no significant treatment-related changes. The no-observed-effect
level (NOEL) was 1000mg/kgbw per day, the highest dose tested (Ettlin et al.,
1980a).
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Rats

In a 13-week study of oral tolerance study, which did not comply with GLP,
albino-SPF rats were given diets containing a beadlet formulation of zeaxanthin
exactly as described above for the study in mice. Groups of 16 male and 16 female
rats were given zeaxanthin at a dose of 250, 500, or 1000 mg/kgbw per day. The
addition of ‘placebo’ beadlets ensured that all four groups received similar amounts
of beadlets (about 20% of feed), and a ‘beadlet-only’ control group was included.
Towards the end of the study, rats at the highest dose tended to avoid eating the
beadlets, so the dose was reduced by about 40% in females and about 65% in
males. One male rat at the lowest dose died at week 8; there had been no previ-
ous clinical signs of toxicity and there were no obvious histopathological findings.
There was a slight reduction in body-weight gain in all groups consuming the
beadlets, which was unrelated to intake of zeaxanthin. As for the mice, there were
no treatment-related effects throughout the study. Haematology, blood chemistry
and urine analysis measurements showed no evidence of toxicity caused by zea-
xanthin. There were no treatment-related findings by ophthalmoscopic examina-
tion. In contrast with later 13-week studies of toxicity in rats and dogs, no
discolouration of adipose tissue was reported in the current study. Findings at
necropsy and histopathological examination of tissues revealed no significant
treatment-related changes. The NOEL was 500 mg/kgbw per day (in view of the
reduced intake at the highest dose during the latter part of the study, the data from
this group could not be used) (Ettlin et al., 1980b).

In a second 13-week study of oral tolerance in rats, a different batch of beadlets
was used in which methylene chloride was employed instead of chloroform in the
synthesis of the zeaxanthin. The residue of methylene chloride after evaporation
was estimated to be approximately 150-250mg/kg. In this study, which complied
with GLP, the rats were unable to exclude the beadlets from their diets. Groups of
12 male and 12 female rats were given zeaxanthin at the same doses as those
used previously (0, 250, 500, and 1000mg/kgbw per day). As before, there were
no biologically significant changes resulting from exposure to zeaxanthin, but there
were a number of statistically significant changes: decreased numbers of leuko-
cytes (in males at the highest dose), decreased concentrations of bilirubin (in
males and females at the highest dose), and increased concentrations of sodium,
decreased concentrations of total serum protein and decreased concentrations of
a-1-globulin (in females at the intermediate and highest doses). All these changes,
however, were considered by the investigators to be within normal limits for the
rat. There were no treatment-related changes in organ weights, and no macro-
scopic or microscopic findings that could be attributed to toxic effects of zeaxan-
thin. Overall, the results were similar to those of the earlier study described above,
with the exception that there was a yellow-orange discolouration of the faeces and
a slight orange discolouration of the adipose tissue, particularly at the higher
doses. This was attributed to colour imparted by the zeaxanthin beadlet. The NOEL
was 1000 mg/kgbw per day, the highest dose tested (the discolouration not being
considered to be an adverse effect) (Buser, 1985).
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Dogs

In a 13-week study of oral toxicity, which complied with GLP, groups of three
male and three female beagle dogs aged 10 months were given diets containing
a beadlet formulation of zeaxanthin, exactly as described above for mice and rats.
Methylene chloride was used instead of chloroform in the formulation of the
beadlets. Beadlets were incorporated into feed pellets at concentrations of 0, 4, 8,
or 16%, to achieve doses of zeaxanthin of 0, 123, 204, or 422mg/kgbw per day
in males and 0, 104, 238, and 442mg/kgbw per day in females, respectively. The
percentage of beadlets present in the feed was kept constant (16% w/w) for all
treatment groups. Actual concentrations of zeaxanthin measured throughout the
study were within 90-106% of the nominal concentrations. There were no differ-
ences in body weights between the groups throughout the study. Furthermore, no
treatment-related toxicity was observed in any of the dogs. Haematology, blood
chemistry and urine analysis measurements showed no evidence of toxicity caused
by zeaxanthin. The test compound was found to discolour strongly and to slightly
soften the faeces, particularly at the highest dose. There was also a slight orange
discolouration of the adipose tissue, particularly in males at the highest dose.
There were no treatment-related findings by ophthalmoscopic examination. At
necropsy, male dogs in the groups receiving the intermediate or highest doses
showed slight to moderate discolouration (yellow to reddish) of the adipose tissue
(attributed to colour imparted by the zeaxanthin beadlet). Histolopathological
examination of the tissues showed splenic adhesions (subacute haemorrhagic
perisplenitis) in one male at the intermediate dose, which was considered not to
be treatment-related (possibly arising owing to trauma). Slight changes in organ
weights (increased weights of the thyroid in females at the lowest dose and males
at the highest dose compared with controls, decreased weights of the heart in
females at the lowest dose, and decreased weights of the kidney in dogs at the
intermediate dose) were not accompanied by histological changes and were not
dose-dependent. Overall, it was concluded that there were no treatment-related
microscopic findings. The NOEL was 420mg/kgbw per day, the highest dose
tested (the discolouration not being considered to be an adverse effect) (Ettlin,
1985).

Monkeys

In a study that complied with GLP and that was designed primarily to investi-
gate the effects on the eye of long-term exposure to zeaxanthin, cynomologus
monkeys aged 4—7 years were given zeaxanthin at a dose of 0, 0.2, or 20 mg/kg bw
per day by gavage for 52 weeks. The solutions for gavage were prepared by dis-
solving beadlets in water. The control was prepared using beadlets that contained
no zeaxanthin. There were two males and two females in each group, with an
additional male and female included in the group receiving the higher dose, des-
ignated for examination at 6 months. All animals survived the treatment period. All
animals at 20mg/kg per day showed orange/yellow discolouration of the faeces
from day 2 of the study onwards (attributed to treatment with zeaxanthin). There
was no effect on overall mean body-weight gain and on overall group mean feed
intake in either of the treatment groups. There were no treatment-related changes
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in haematology, blood chemistry, or urine analysis measurements. There were no
changes in electrocardiogram waveform or data on blood pressure that could be
regarded as being related to the administration of zeaxanthin. There were no
treatment-related organ weight changes. Most of the animals showed dark yellow-
coloured mesenteric fat at interim sacrifice and gold-yellow mesenteric fat at ter-
minal sacrifice (attributed to treatment with zeaxanthin). Histopathological
examinations revealed no treatment-related findings (a single adenoma of the
thyroid observed in a single female at the higher dose was considered to be an
isolated incident and not of toxicological significance). Comprehensive ophthalmic
examinations showed no evidence of treatment-related adverse changes. Animals
showed a dose-related increase in plasma and liver concentrations of zeaxanthin.
Thus, zeaxanthin was considered to be well tolerated. The NOEL in cynomologus
monkeys was 20mg/kgbw per day, the highest dose tested (Pfannkuch et al.,
2000a, 2000b; Pfannkuch, 2001).

2.2.3 Long-term studies of toxicity and carcinogenicity

There have been no studies of toxicity with zeaxanthin with a duration of greater
than 1 year.

2.2.4  Genotoxicity

There is some concern, in the first three studies listed in Table 1, that zeaxan-
thin precipitated out of solution, despite the use of dimethylsulfoxide (DMSO), at
the highest concentrations tested (Strobel, 1986, 1987) and at all concentrations
tested (Strobel & Bonhoff, 1987). It is clear, however, that zeaxanthin in a beadlet
formulation gave negative results in an assay for micronucleus formation in bone
marrow of mice. In these studies, there was no evidence for genotoxicity. The
concentrations and doses used in some of the studies were considered to be low,
but were the maximum feasible doses.

In addition to the studies reported in Table 1, a beadlet formulation of zeaxan-
thin was evaluated for mutagenic activity in an Ames assay, which complied with
GLP, using both the plate incorporation and the pre-incubation methods (Gocke,
1987). Seven Salmonella typhimurium standard tester strains were employed
(TA1535, TA1537, TA1538, TA97, TA98, TA100, and TA102), with and without an
exogenous microsomal fraction (S9) derived from livers of male albino rats treated
with phenobarbital/B-naphthoflavone. Owing to precipitation of the test compound
in the aqueous medium, concentrations of 2.4 to 1500 ug/plate and 5 to 500 ug/
plate were tested in the plate incorporation and pre-incubation methods, respec-
tively. There was no increase of the numbers of mutants in any of the tester strains,
while the positive controls verified the sensitivity of the strains and the activity of
the S9 mix.



171

ZEAXANTHIN

'd 1D Yum paljdwod salpnis IV .
“JaAl| 11 Jo Juejeultedns 6 X 0006 ‘6S

yo€ 10 9 Jo} ainsodxa ‘(Ajpanoadsal
‘ulyiuexesz aind mqby/6wQ g/l pue

‘068 ‘G 0} JUseAINba) [eioiad Jopmod S||90 mosew uolewIOo}
0861 ‘aipue|en annebapN 19|peaq ‘Mmq b63/6Ww 0002 10 ‘000} ‘00S -au0Q 8sno\ SNa|ONUOIDIN
OAIA U|

6S— ‘ainsodxe ytg ‘Jw/Briog 10 ‘0L ‘09 ‘05 ‘O

/861 ‘yoyuog 6S+ Ulog ‘einsodxa yg ‘|w/bripg| pue sajfooydwA| pooiq uonjeliaqe
B |ogons annebapN 09 ‘ainsodxa y | ‘Jw/bripgl 1o ‘09 ‘OE ‘9 jesaydued uewny awosowolyn

sjel ouiqe-n4 afew SISayluAs
/861 ‘[2qons aniebaN ainsodxa Yoz ‘jw/brigp—| woJ} sajhoojedaH VNQ p8npayosun

s||82 6/ Bun|

9861 ‘1290AS anyeboN (1noww €0°0-200°0) w/BrigL—| Jlsjswey asaulyd uoneINw susyH
oA Uf
RTINS ynsay 9SO0p 40 UOIJBIUSIU0D waysAs 1s9) wiod-puy

uryuexesz yym Ayoixoroush jo seipmis | a|qer



172 ZEAXANTHIN

2.2.5 Reproductive toxicity
(a) Multigeneration studies

No studies of this type were available.

(b) Developmental toxicity
Rats

In a segment |l study of teratology, which complied with GLP, groups of 36
mated female FU-albino outbred rats (aged 2-3 months at the beginning of the
experiment) were given diets containing zeaxanthin at a dose of 0, 250, 500, or
1000 mg/kgbw per day orally as a dietary admixture in a 10% beadlet formulation
from days 7 to 16 of gestation (Kistler, 1984). Actual doses of zeaxanthin were
close to the nominal levels, based on food intake. Dams were necropsied on day
21 and uteri were examined for numbers and locations of implantations and resorp-
tions. Fetuses from 15 litters per group underwent skeletal or soft tissue examina-
tions. Litters from each group were raised until weaning and examined for
abnormalities. There were no treatment-related maternal deaths and no signs of
maternal toxicity. There were no reproductive effects (resorption rates, average
litter sizes, mean body weights of live fetuses) and no teratagenic or developmental
effects (no skeletal, soft tissue, or external abnormalities related to treatment). One
fetus in the group receiving the highest dose exhibited severe malformations
(representing 1 out of 422 fetuses at this dose). The NOEL was 1000 mg/kgbw
per day, the highest dose tested.

Rabbits

In a segment Il study of teratology, which complied with GLP, groups of 20
mated female FU-albino rabbits (aged 2-3 months at the beginning of the experi-
ment) were fed zeaxanthin at a dose of 0, 100, 200, or 400 mg/kg orally in rapeseed
oil from days 7 to 19 of gestation (Kistler, 1983). Dams were necropsied on day
30 of gestation and uteri were examined for numbers and locations of implantations
and resorptions. Fetal viability in incubators was tested and gross and skeletal
examinations were conducted. There were no treatment-related maternal deaths
and no signs of maternal toxicity. There were no reproductive effects (resorption
rates, average litter sizes, mean body weights of live fetuses, survival rates of
foetuses) and no teratogenic effects (no skeletal, soft tissue, or external abnormali-
ties). Some malformed fetuses were observed, but there was no consistency in
the pattern and no dose-dependence with distribution in all groups including con-
trols. Thus, the incidence of malformed fetuses was considered to be unrelated to
treatment. The NOEL was 400mg/kgbw per day, the highest dose tested.

226 Special studies

(@) Immune responses

In order to assess the allergenic potential of zeaxanthin, a maximization test
for skin sensitization, which complied with GLP, was performed in 15 (10 test and
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5 control) female Himalayan spotted guinea-pigs, aged 4-6 weeks (Csato &
Arcelin, 2000a). The intradermal induction of sensitization in animals in the test
group was performed using a 3% solution of zeaxanthin (purity, 98.3%) in polyeth-
ylene glycol 300 (PEG 300) and in a 1:1 mixture of Freund complete adjuvant
(FCA) and physiological saline, applied in the nuchal region. The epidermal induc-
tion of sensitization was conducted for 48 h under an occlusive dressing with 25%
zeaxanthin in PEG 300, 1 week after the intradermal induction and after pretreat-
ment of the test areas with 10% sodium dodecyl sulfate (SDS). Animals in the
control group were treated identically except for the absence of zeaxanthin in the
vehicle solutions. Two weeks after epidermal induction, the control and test animals
were challenged by epidermal application of 25% zeaxanthin in PEG 300 and PEG
300 alone under the occlusive dressing. Cutaneous reactions were evaluated at
24 and 48h after removal of the dressing. None of the control or test animals
showed skin reactions after the challenge treatment and it was concluded that
zeaxanthin is not a skin sensitizer, and that the risk, if any, to humans is low.

(b)  Ocular toxicity

The long-term ingestion of canthaxanthin at high doses has been shown to
lead to accumulation and crystallization in the retina of humans (Arden & Barker,
1991) and monkeys (Goralczyk et al., 1997), and the question has therefore arisen
as to whether zeaxanthin behaves similarly. The effects of zeaxanthin on the eye
were investigated in a GLP-compliant study in cynomolgus monkeys treated orally
with zeaxanthin in a 10% beadlet formulation (described above) by gavage for 52
weeks. The cynomolgus monkey was chosen since it was shown to be an excellent
model to investigate the induction and dose-dependency of carotenoid crystal for-
mation in the retina (Goralczyk et al., 1997; Goralczyk, 2000; Goralczyk et al.,
2002). Groups of two male and two female monkeys were given zeaxanthin at a
dose of 0 (placebo beadlet), 0.2, or 20mg/kgbw per day, with one additional male
and female included in the group receiving the higher dose. One male and one
female in the group receiving the higher dose were also killed at 6 months. Occa-
sional retinal changes, such as inclusions in the macula, were observed in some
groups of animals, including the controls, and were considered to be unrelated to
treatment. Overall, comprehensive ophthalmic examinations (ophthalmoscopy and
biomicroscopy examinations, fundus photography, electroretinography (considered
to be a very sensitive procedure for the detection of early signs of generalized
retinal degeneration), and post-mortem examinations of the right retina including
macroscopic inspection, microscopic pathology under polarized and bright light for
peripheral retina and macula, confocal microscopy of the macula and histopatho-
logical examination of the peripheral retinal) showed no evidence of treatment-
related adverse changes, including no evidence for crystal formation in the eyes
during or after 52 weeks of treatment with zeaxanthin. Dose-dependent increases
in concentrations of zeaxanthin were reported in the peripheral retina. In the central
retina and lens, zeaxanthin content was markedly increased in animals at the
higher dose, but there was no evidence for crystalline deposits. It was concluded
that administration of zeaxanthin for 52 weeks in cynomolgus monkeys at doses
of 0.2 and 20mg/kgbw per day resulted in no toxic effects to the eye (Pfannkuch
et al., 2000a, 2000b; Pfannkuch, 2001).
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(c) Ocular irritation

Zeaxanthin, as described above, was also tested in a study of primary eye
irritation in three adult New Zealand white rabbits. The primary irritation score for
zeaxanthin was 0.78 (maximum potential score is 13.0) and it was classified as
‘not irritating’ to the rabbit eye in this study, which complied with GLP (Csato &
Arcelin, 2000b).

2.3 Observations in humans
2.3.1 Clinical studies

There have been a number of studies designed to investigate the pharmaco-
kinetics of lutein and zeaxanthin that did not necessarily include safety end-points,
but also did not report any adverse effects caused by the xanthophylls (see sec-
tions 2.1.1 and 2.1.2). Arelatively large number of studies in humans has examined
correlations between dietary intake of lutein and/or zeaxanthin, the effects of
dietary supplements, or serum concentrations of lutein and/or zeaxanthin and the
incidence of age-related macular degeneration (AMD), macular pigment density
or cataractogenesis with varying results (Eye Disease Case—Control Study Group,
1993; Seddon et al., 1994; Mares-Periman et al., 1995a, 1995b; Khachik et al.,
1997c; Lyle et al., 1997b; Beatty et al., 1999; Chasan-Taber et al., 1999; Lyle et
al., 1999a; Pratt, 1999; Richer, 1999; Bone et al., 2000; Johnson et al., 2000; Gale
et al., 2001; Schalch et al., 2001; Bone et al., 2003; Gale et al., 2003). These
studies will not be reviewed here, but in many cases, weak inverse associations
have been found, although it is apparent that the protective effect of the xantho-
phylls against AMD or cataract formation remains unproven. Of importance here,
however, is that none of these studies reported adverse effects, including ocular
toxicity, caused by the xanthophylls, even though in some cases, high dietary
levels or supplements were consumed.

In a pharmacokinetic study described earlier (section 2.1.1), which complied
with GLP, and in which groups of five men and five women were given capsules
containing zeaxanthin at either 1mg or 10mg of zeaxanthin per day for 42 days
(corresponding to doses of approximately 0.014 and 0.14mg/kgbw per day for a
70kg adult), clinical chemistry measures (haematology, blood chemistry and urine
analysis) and adverse events were recorded. Several clinical laboratory results at
different assessment times fell outside of the normal ranges, but all were deemed
to be without clinical relevance. There were no relevant changes in blood pres-
sures, heart rate, or body temperature; one subject in the group receiving the
higher dose showed an electrocardiogram (ECG) abnormality that was deemed
not to be of clinical relevance. In the groups receiving the lowee dose and higher
doses, there was one adverse event (an infection of the upper respiratory tract)
deemed to have only a remote possibility of being related to dosing. In the group
receiving the higher dose there were three adverse events (one case of bilirubi-
naemia, one case of abnormal vision, and one case of abnormal accommodation)
that were deemed to be remotely or possibly related to treatment. The case of
abnormal accommodation was accompanied in the same subject by reports of
dyspnoea and sleep disorder, both of which were deemed to have only a remote
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possibility of being related to treatment. There was also one report of syncope in
the group receiving the lower dose, which was deemed to be unrelated to treat-
ment. All the adverse events were rated as mild to moderate in severity (Cohn et
al., 2002).

2.3.2 Epidemiological studies

Most epidemiological studies on the xanthophylls have addressed the hypoth-
esis that intake of these compounds is inversely related to development of cancer.
A number of such studies have suggested that dietary xanthophylls may protect
against the development of a variety of cancers including those of the oesophagus,
colon, breast, prostate and lung (e.g. Le Marchand et al., 1995; Freudenheim et
al.,, 1996; Zhang et al., 1997; Franceschi et al., 2000; Levi et al., 2000; Lu et al.,
2001; Nkondjock & Ghadirian, 2004), although recent studies on breast and lung
cancer have indicated that these compounds are not protective (Terry et al., 2002;
Mannisto et al., 2004).

A recent large prospective study in a region of China with epidemic rates of
oesophageal and gastric cancer examined the relationship between serum con-
centrations of carotenoids and subsequent risk of developing cancers of the
stomach and upper digestive tract (Abnet et al., 2003). There was an association
between the incidence of gastric non-cardia cancer and serum concentrations of
lutein and/or zeaxanthin derived from normal dietary sources. These observations,
however, are only correlative and, indeed, in a Dutch cohort study, dietary intake
of lutein/zeaxanthin was not associated with risk of gastric cancer (pathological
type not specified), although intakes of retinal and B-carotene were positively
associated with risk of this cancer (Botterweck et al., 2000).

In view of the structural similarities between xanthophylls and B-carotene, the
Committee considered the outcome of two trials that showed that supplementation
with B-carotene increases risk of lung cancer in heavy smokers; one study involved
the administration of B-carotene at 30 mg/day plus 250001U of retinyl palmitate in
18314 smokers, former smokers and workers exposed to asbestos (Omenn et al.,
1996), while in the second study, B-carotene at 20mg/day with or without 50 mg
of o-tocopherol was given to 29133 male smokers (The a-Tocopherol and -
Carotene Cancer Prevention Study Group, 1994). However, in the light of the
negative results in studies of genotoxicity and the absence of tumour-promoting
activity of lutein, it was considered that these intervention studies on B-carotene
were not appropriate for the risk assessment of zeaxanthin.

The results of a number of epidemiological studies, including descriptive, cohort
and case—control studies, suggest that diets rich in carotenoids or -carotene are
associated with a reduced risk of cardiovascular disease (reviewed in Institute of
Medicine, 2000). Furthermore, no adverse outcomes have been reported between
increased serum concentrations of lutein and zeaxanthin and risk of subsequent
myocardial infarction (Street et al., 1994). Recent epidemiological findings, as well
as those from studies in vitro and in mouse models, support the hypothesis that
increased dietary intake of zeaxanthin protects against the development of early
atherosclerosis (Dwyer et al., 2001).
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3. INTAKE
3.1 Concentrations in foods

A database of concentrations of carotenoids, including lutein and zeaxanthin,
in 120 foods was assembled by Mangels et al. (1993), and was updated by Holden
et al. (1999). It should be noted that the carotenoid content of food is highly variable
and depends on a number of factors, including geographical area and growing
conditions, cultivar or variety, processing techniques, preparation and length and
conditions of storage (Holden et al., 1999 and references therein). Major sources
of lutein/zeaxanthin are leafy green vegetables (e.g. raw spinach, 11.9mg/100g),
corn (boiled, 1.8mg/100g) and green vegetables such as broccoli (raw,
2.4mg/100g), brussel sprouts (boiled, 1.3mg/100g), green beans (boiled,
0.7mg/100g), and peas (canned, 1.3mg/100g). Although it is not a major part of
the diet in western Europe and North America, kale has the highest lutein/zeax-
anthin content of all foods analysed (raw, 39.5mg/100g). A number of foods have
been analysed specifically for zeaxanthin. Major sources are corn (canned,
0.5mg/100g), corn meal (0.5mg/100g), Japanese persimmons (0.5mg/100g) and
leafy greens (e.g. raw spinach, 0.3mg/100g).

3.2 Dietary intake

Dietary recall data from 1102 adult women participating in the 1986 Continuing
Survey of Food Intake by Individuals indicate mean intakes of lutein/zeaxanthin of
1.3mg/day, with a total intake of carotenoids of 6 mg/day (Chug-Ahuja et al., 1993).
Food frequency data from 8341 adults participating in the 1992 National Health
Interview Survey indicate that mean intakes of xanthophylls for men were 2.2 mg/
day and for women 1.9mg/day (Nebeling et al., 1997). The Nutritional Factors in
Eye Disease Study reported mean dietary intakes of lutein/zeaxanthin of 0.7—
0.8mg/day (VandenLangenberg et al., 1996). In a pooled analysis of seven cohort
studies designed to assess the effect of dietary carotenoids on risk of lung cancer,
intakes of lutein/zeaxanthin were energy-adjusted by using the predicted intake of
2100kcal/day for men and 1600kcal/day for women (Mannisto et al., 2004). Food
consumption was assessed at baseline using a validated dietary questionnaire for
each study population. For these seven populations, the mean intake of lutein/zea-
xanthin for men and women combined was 3.7 mg/day (range, 1-6 mg/day).

The mean and 90th percentile consumption of zeaxanthin in the United States
of America (USA) estimated by surveyed food samples was 1.42 and 2.68 mg/day
respectively (Table 2). Simulations considering proposed food use levels in the
total population of the USA resulted in estimated mean and 90th percentile intakes
for all users of zeaxanthin of 1.46 and 2.68 mg/day respectively (DSM Nutritional
Products, 2004) (Table 2). The same method was applied to the United Kingdom
(UK) using data on food consumption from the UK. The estimated mean and 90th
percentile consumption of total zeaxanthin in the sample foods surveyed was 1.02
and 1.81mg/day respectively for males, and 0.95 and 1.63mg/day for females
(DSM Nutritional Products, 2004) (Table 2).

Lutein/zeaxanthin formuations are also available as dietary supplements, but
there are no reliable estimates of intake from these sources.
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4. COMMENTS

In rats given diets containing zeaxanthin for 5 weeks, the highest tissue con-
centrations were present in the small intestine, spleen, liver and adipose tissue.
Seven days after cessation of administration, concentrations in plasma and tissues
had decreased by between two- and fourfold, indicating that the elimination half-life
was about 4-5 days.

In humans treated with daily administration of zeaxanthin at a dose of 1 or
10mg for 42 days, the time to steady-state plasma concentrations was about 30
days. This is consistent with an elimination half-life of about 5 days. The plasma
concentrations indicated that uptake and availability were not proportional to
dose.

The food matrix, including its fibre and lipid contents, and the concentrations
of other carotenoids in the diet may influence the extent of absorption of carotenoid
compounds. Studies have shown that zeaxanthin/lutein does not influence the
absorption of 3-carotene.

Zeaxanthin has oral LDs, values of >4000 mg/kg bw in rats and >8000 mg/kg bw
in mice. Ninety-day studies of toxicity with zeaxanthin in rats given doses of up to
1000mg/kgbw per day, and in dogs given doses of up to 442mg/kgbw per day,
produced no treatment-related effects even at the highest doses. In a 52-week
study in monkeys, which was designed primarily to investigate possible adverse
effects on the eye, zeaxanthin was administered at a dose of 0.2 or 20 mg/kgbw
per day by gavage. This study was performed because adverse ocular effects had
been seen with canthaxanthin (Annex 1, references 78, 89, 117). There were no
treatment-related effects on a wide range of toxicological end-points. Furthermore,
comprehensive ophthalmic examinations, including electroretinography, showed
no evidence of treatment-related adverse changes.

No long-term studies of toxicity or carcinogenicity were available.

Zeaxanthin gave negative results in several studies of genotoxicity in vitro and
in vivo. Although the Committee noted that the doses in these tests were low, it
recognized that maximum feasible doses were used.

In a study of developmental toxicity with zeaxanthin in rats, there was no evi-
dence for toxicity at doses of up to 1000mg/kgbw per day, the highest dose
tested.

In the pharmacokinetic study in humans described above, a variety of clinical
chemistry measurements as well as any adverse events were recorded during the
study. In the groups of five men and five women receiving zeaxanthin at a dose
of 1 or 10 mg per day for 42 days, there were no reported treatment-related adverse
effects. There has been a relatively large number of human studies that have
examined correlations between macular degeneration and exposure to lutein/zeax-
anthin via intake from traditional food or from dietary supplements, or via measure-
ments of serum concentrations. Although these studies were designed to look for
ocular effects, where clinical or biochemical parameters were also examined, no
adverse effects of the xanthophylls were reported.
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Dietary intake

Dietary intake data from a number of studies in North America and the UK
indicate that intake of zeaxanthin from natural sources is in the range of 1-2mg/
day (about 0.01-0.03mg/kgbw per day). Simulations considering proposed use
levels as a food ingredient resulted in an estimated mean and 90th percentile
intake of lutein plus zeaxanthin of approximately 7 and approximately 13mg/day,
respectively. Formulations containing lutein and zeaxanthin are also available as
dietary supplements, but there were no reliable estimates of intakes from these
sources.

5. EVALUATION

In several studies of toxicity, including developmental toxicity, no adverse
effects were documented in animals, including monkeys, or humans. Taking into
account data showing that zeaxanthin was not genotoxic, had no structural alert,
that the isomeric xanthophyll lutein did not exhibit tumour promoting activity, and
that zeaxanthin is a natural component of the body (the eye), the Committee con-
cluded that there was no need for a study of carcinogenicity.

Zeaxanthin has some structural similarities to B-carotene, which has been
reported to enhance the development of lung cancer when given in supplement
form to heavy smokers. The available data indicated that zeaxanthin in food would
not be expected to have this effect. The Committee was unable to assess whether
zeaxanthin in the form of supplements would have the reported effect in heavy
smokers.

In view of the toxicological data and structural and physiological similarities
between the xanthophylls lutein and zeaxanthin, the Committee decided to include
zeaxanthin in the acceptable daily intake (ADI), 0—2 mg/kgbw, for lutein, which had
a stronger toxicological database, and to make this a group ADI for these two
substances. This group ADI does not apply to other zeaxanthin preparations that
do not comply with established specifications.
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SAFETY EVALUATIONS OF GROUPS OF
RELATED FLAVOURING AGENTS






INTRODUCTION

Eight groups of flavouring agents were evaluated using the Procedure for the
Safety Evaluation of Flavouring Agents as outlined in Figure 1 (Annex 1, references
116, 122, 131, 137, 143, 149, 154 and 160). In applying the Procedure, the chemi-
cal is first assigned to a structural class as identified by the Committee at its forty-
sixth meeting (Annex 1, reference 122). The structural classes are as follows:

e Class |. Flavouring agents that have simple chemical structures and efficient
modes of metabolism, which would suggest a low order of toxicity by the oral
route.

¢ Class Il. Flavouring agents that have structural features that are less innocuous
than those of substances in Class | but are not suggestive of toxicity. Sub-
stances in this class may contain reactive functional groups.

e Class lll. Flavouring agents that have structural features that permit no strong
initial presumption of safety, or may even suggest significant toxicity.

A key element of the Procedure involves determining whether a flavouring
agent and the product(s) of its metabolism are innocuous and/or endogenous
substances. For the purpose of the evaluations, the Committee used the following
definitions, adapted from the report of its forty-sixth meeting:

Innocuous metabolic products are defined as products that are known or readily
predicted to be harmless to humans at the estimated intake of the flavouring
agent.

Endogenous substances are intermediary metabolites normally present in
human tissues and fluids, whether free or conjugated; hormones and other sub-
stances with biochemical or physiological regulatory functions are not included.
The estimated intake of a flavouring agent that is, or is metabolized to, an endog-
enous substance should be judged not to give rise to perturbations outside the
physiological range.

Intake

Estimates of the intake of flavouring agents by populations typically involve the
acquisition of data on the amounts used in food. These data were derived from
surveys in Europe and the USA. In Europe, a survey was conducted in 1995 by
the International Organization of the Flavour Industry, in which flavour manufactur-
ers reported the total amount of each flavouring agent incorporated into food sold
in the European Union during the previous year. Manufacturers were requested
to exclude use of flavouring agents in pharmaceutical, tobacco or cosmetic
products.

In the USA, a series of surveys was conducted between 1970 and 1987 by the
National Academy of Sciences National Research Council (under contract to the
Food and Drug Administration) in which information was obtained from ingredient
manufacturers and food processors on the amount of each substance destined for
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addition to the food supply and on the usual and maximal levels at which each
substance was added in a number of broad food categories.

In using the data from these surveys to estimate intakes of flavouring agents,
it was assumed that only 60% of the total amount used is reported in Europe and
80% of the amount used is reported in the USA and that the total amount used in
food is consumed by only 10% of the population.

Intake _annual volume of production (kg)x10° (ug/kg)
(ug per person per day) population of consumersx0.6 (or 0.8)x365 days

The population of consumers was assumed to be 32 x 10°® in Europe and 26
x 108 in the USA.

Several of the flavouring agents that were evaluated at the present meeting
were not included in the above surveys or were placed on the market after the
surveys were conducted. Intakes of these flavouring agents were estimated on the
basis of anticipated use by the manufacturer in the USA, and the standard formula
was applied.
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1. EVALUATION
1.1 Introduction

The Committee evaluated a group of 22 flavouring agents (Table 1) by the
Procedure for the Safety Evaluation of Flavouring Agents (see Figure 1, p 192).
This group included:

—six pyrroles (Nos 1314, 1305-1307, 1310 and 1319);
—two indoles (Nos 1301 and 1304);
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—12 pyridine derivatives (Nos 1308, 1309, 1311-1313, 1315-1318 and 1320-
1322); and

—a quinoline derivative and an isoquinoline derivative (Nos 1302 and 1303).
The Committee has not previously evaluated any member of the group.

Nineteen of the 22 substances (Nos 1301-1307, 1309, 1310, 1312-1320 and
1322) have been reported to occur naturally in foods. They have been detected
in fresh and cooked vegetables, uncured meats, a variety of whole grains, green
and black teas, coffee, alcoholic beverages, whiskeys, shellfish, and a wide variety
of fresh fruits (Nijssen et al., 2003).

1.2 Estimated daily intake

The total annual volume of production of the 22 flavouring agents in this group
is approximately 1000kg in Europe (International Organization of the Flavor Indus-
try, 1995) and 650kg in the USA (National Academy of Sciences, 1982; Lucas et
al., 1999). More than 41% of the total annual volume of production in Europe and
>79% in the USA is accounted for by a single substance in this group, namely 2-
acetylpyridine (No. 1309). The estimated daily intakes of 2-acetylpyridine in Europe
and the USA are 59 and 68ug/person, respectively. The daily intakes of all other
flavouring agents in the group ranged from 0.001 to 30ug/person (National
Academy of Sciences, 1982; International Organization of the Flavor Industry,
1995; Lucas et al., 1999), most values being at the lower end of this range. The
estimated daily per capita intake of each agent is reported in Table 1.

1.3 Absorption, distribution, metabolism, and elimination

Pyridine, pyrrole and quinoline derivatives are expected to be rapidly absorbed
from the gastrointestinal tract, oxidized to polar metabolites, and eliminated primar-
ily in the urine and, to a minor extent, in the faeces.

Alkyl-substituted pyrroles and indoles may undergo cytochrome P450 (CYP)-
mediated side-chain oxidation to yield the corresponding alcohol, which may be
excreted as the glucuronic acid or sulfate conjugate (Ruangyuttikarn et al., 1992;
Thornton-Manning et al., 1993; Gillam et al., 2000). To a lesser extent, the double
bond of the indole ring may undergo epoxidation (Skiles et al., 1991; Smith et al.,
1993).

Alkyl-substituted pyridines and quinolines are principally subject to side-chain
oxidation, primarily at the C1 position. Minor pathways include ring hydroxylation
and epoxidation for substituted quinolines. N-Oxide formation has also been
reported (Cowan et al., 1978; Schwartz et al., 1978; Damani et al., 1980; Nguyen
et al., 1988).

Methyl nicotinate (No. 1320), the only ester in the group, is rapidly hydrolysed
by carboxyesterase to yield nicotinic acid and methanol (Heymann, 1980; White
et al., 1990; Durrer et al., 1992).
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1.4

Step 1.

Step 2.

Step A3.

Step B3.

Step B4.

Application of the Procedure for the Safety Evaluation of
Flavouring Substances

In applying the Procedure, the Committee assigned three (Nos 1301,
1304 and 1314) of the 22 agents to structural class I. Thirteen agents
(Nos 1305-1307, 1309, 1312, 1313, 1315-1320 and 1322) were assigned
to structural class Il and the remaining six (Nos 1302, 1303, 1308, 1310,
1311, and 1321) were assigned to structural class Il (Cramer et al.,
1978).

Twenty flavouring agents in this group are predicted to be metabolized
to innocuous products (Nos 1301-1307, 1309 and 1311-1322). The
evaluation of these flavouring agents therefore proceeded via the A-side
of the decision-tree. Two flavouring agents (Nos 1308 and 1310) cannot
be predicted to be metabolized to innocuous products. The evaluation
of these two flavouring agents therefore proceeded via the B-side of the
decision-tree.

The estimated daily intakes of all three of the flavouring agents in struc-
tural class | (Nos 1301, 1304 and 1314), all thirteen of the flavouring
agents in structural class Il (Nos 1305-1307, 1309, 1312, 1313, 1315—
1320 and 1322), and of the four flavouring agents in structural class IlI
(Nos 1302, 1303, 1311 and 1321) are below the respective thresholds
of concern (i.e. 1800 ug/person for class I, 540 ug/person for class Il, and
90 ug/person for class Ill). According to the Procedure, the use of these
20 flavouring agents raises no safety concern at estimated current
intakes.

The estimated daily intakes in Europe and the USA of the remaining two
flavouring agents in this group (Nos 1308 and 1310), which cannot be
predicted to be metabolized to innocuous products, are also below the
threshold of concern for structural class Ill (i.e. 90 ug/person). Accord-
ingly, the evaluation of both flavouring agents in the group proceeded to
step B4.

For N-furfurylpyrrole (No. 1310), the no-observed-effect level (NOEL) of
12mg/kgbw per day from a 90-day feeding study in rats (Morgareidge,
1971) is >1000000 greater than the estimated current intake of this
substance as a flavouring agent. For 2-pyridinemethanethiol (No. 1308),
the NOEL of 3.4mg/kgbw per day from a 90-day feeding study in rats
(Posternak et al., 1969) is >20000000 times greater than the estimated
current intake of this substance as a flavouring agent.

The intake considerations and other information used to evaluate the 22
flavouring agents in this group according to the Procedure are summarized in

Table 3.
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1.5 Consideration of secondary components

No flavouring agents in this group have minimum assay values of <95%.

1.6 Consideration of combined intakes from use as flavouring agents

In the event that all three agents in structural class | were consumed concur-
rently on a daily basis, the estimated combined intake would not exceed the human
intake threshold for class | (1800 ug/person per day). In the unlikely event that all
13 agents in structural class |l were consumed concurrently on a daily basis, the
estimated combined intake would not exceed the human intake threshold for class
Il (540ug/person per day). In the unlikely event that all six agents in structural
class Ill were consumed concurrently on a daily basis, the estimated combined
intake would not exceed the human intake threshold for class Il (90 ug/person per
day). Overall evaluation of the data indicated that combined intake would not raise
safety concerns at estimated current intakes.

1.7 Conclusions

The Committee concluded that none of the flavouring agents in this group of
pyridine, pyrrole and quinoline derivatives would present safety concerns at esti-
mated current intakes. Other available data on the toxicity and metabolism of these
pyridine, pyrrole and quinoline derivatives were consistent with the results of the
safety evaluation.

2. RELEVANT BACKGROUND INFORMATION
2.1 Explanation

The background information summarizes key data relevant to the safety evalu-
ation of the 22 pyridine, pyrrole and quinoline derivatives used as flavouring
agents.

22 Additional considerations on intake

Quantitative data on natural occurrence and consumption ratios reported for
indole (No. 1301), skatole (No. 1304), 1-methyl-2-acetylpyrrole (No. 1306), 2-
acetylpyridine (No. 1309), N-furfurylpyrrole (No. 1310), and pyrrole (No. 1314)
indicate that exposure occurs predominantly from consumption of traditional
foods (i.e. consumption ratio >1) (Stofberg & Kirschman, 1985; Stofberg &
Grundschober, 1987). Volumes of production and intake values for each flavouring
agent in this group are shown in Table 2.
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23 Biological data
2.3.1 Biochemical data
(a) Absorption, distribution, and excretion

(i) Pyrroles (Nos 1314, 1305-1307, 1310 and 1319) and
indoles (Nos 1301 and 1304)

Weak bases with pK, values of >3, such as pyrroles and indoles, are readily
absorbed from the intestine by passive diffusion because the base will not be
ionized and pass through intestinal membranes with ease (Hogben et al., 1959).
Pyrrole (No. 1314) has a pK, of 3.8, while indole (No. 1301) has a pK, of 3.2.

Female albino Wistar rats given [2'*Clindole as a single oral dose at 64 to
80mg/kgbw eliminated >80% of the radiolabel in the urine within 48h. Urine,
faeces and expired air contained 80.6, 11.1, and 2.4% of the administered dose,
respectively (King et al., 1966).

Groups of 24 male Holtzman rats were maintained on diets supplemented with
indole at 0 (control), 0.25, 0.50, or 0.75% for 3 weeks. During week 3, all groups
(including controls) received a single dose of "“C-labelled indole via stomach tube.
Urine collected for 48 h before and for an additional 24 h after administration of the
single dose revealed that 32.1, 46.8, 49.4, 50.9, and 61.5% of indole and indole
metabolites were recovered from the groups receiving indole at 0 (control), 0.25,
0.50, 0.75%, respectively, demonstrating a rapid elimination of indole (Martinez &
Roe, 1972).

Mice and rats given a single intraperitoneal injections of ['*C-3]methylindole at
400mg/kgbw excreted 69.4 and 66.2% respectively in the urine within 48h (Skiles
et al., 1991).

(i) Pyridines (Nos 1308, 1309, 1311-1313, 1315-1318, 1320-
1322) and quinolines (Nos 1302 and 1303)

Pyridines (pK, = 5.2), quinolines (pK, = 4.85), and isoquinolines (pK, = 5.14)
are weak tertiary bases and undergo rapid absorption in the gastrointestinal tract
(Hogben et al., 1959).

2-Methylpyridine, at a dose of 500mg/kgbw administered orally to rats, was
distributed to the liver, heart spleen, lungs, and muscles within 10-20min and an
unidentified amount was excreted in the urine 48h after dosing (Kupor, 1972).

In dogs treated orally with 3-acetylpyridine at a dose of 40mg/kgbw per day
for 2 days, metabolites were detected in the urine within 48h (McKennis et al.,
1964).
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(b) Metabolism

(i) Pyrroles (Nos 1314, 1305-1307, 1310, and 1319) and
indoles (Nos 1301 and 1304)

Unsubstituted pyrrole and indole are metabolized primarily by ring hydroxyl-
ation at the C2 position in pyrrole (Figure 1) (Town et al., 1992) and the C3 position
in indole (Figure 2); Posner et al., 1961; King et al., 1966; Ruangyuttikarn et al.,
1992; Thornton-Manning et al., 1993; Gillam et al., 2000). The resulting hydroxyl
derivative is subsequently conjugated with glucuronic acid or sulfuric acid and
excreted in the urine. A minor pathway involves epoxidation of the pyrrole ring
double bond to yield an epoxide that is readily conjugated with glutathione (York
et al., 1993).

Alkyl-substituted pyrroles and indoles may also undergo CYP-induced side-
chain oxidation to yield the corresponding alcohol, which may be excreted as the
glucuronic acid or sulfuric acid conjugate (Ruangyuttikarn et al., 1992; Thornton-
Manning et al., 1993; Gillam et al., 2000). To some extent, epoxidation of the indole
ring double bond has been considered as another metabolic pathway for metabo-
lism of alkyl-substituted pyrroles and indole derivatives (Skiles & Yost, 1989; Smith
et al., 1993).

Experiments in vitro have demonstrated that pyrroles and indoles also undergo
ring hydroxylation. Hydroxylation at the C2 position of the pyrrole ring occurs when
human liver microsomes are incubated with a pyrrole-substituted heterocyclic
derivative (HIV tat inhibitor Ro 5-3335) (see Figure 1) (Town et al., 1992).
The pyrrole ring or its metabolites also react with glutathione. A novel class of o-
glutathione-S-transferase (GST) isozymes is expressed in rat liver fractions after
treatment with pyrroles (York et al., 1993; Primiano & Novack, 1989).

Ring hydroxylation of indole (No. 1301) has been well documented (see Figure
2). Approximately 63% of total 3-hydroxyindole was present as 3-hydroxyindole
sulfate (49.6%) and 3-hydroxyindole glucuronide (13.2%) in pooled samples of
urine at 48 h after oral treatment of three albino Wistar rats with ['“C]2-indole as a

Figure 1. Metabolic options for pyrrole and alkyl-substituted pyrroles
[N> T 7 SNy OH T = N\ TOR
H H H
R = sulfate or glucuronide
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single dose at 64 to 74 mg/kgbw. In two of the rats, other metabolites identified in
the urine included 5-hydroxyindole (3.5%), 2H-indole-2-one (1.4%), and indole-2,3-
dione (5.8%). Analysis of the faecal excretions showed that 0.14, 0.40, and 0.64%
of the radiolabel was present as indole, 3-hydroxyindole sulfate and total 3-
hydroxyindole metabolites, respectively (King et al., 1966). In a parallel study, bile
samples collected at 48h via cannulation of the common bile duct of two female
albino Wistar rats treated orally with "*C-labelled 2-indole at a dose of 49 to 63mg/
kgbw showed that 0.56, 0.80, and 0.82% of the radiolabel was present as 5-
hydroxyindole, 3-hydroxyindole sulfate, and total 3-hydroxyindole metabolites,
respectively (King et al., 1966).

3-Hydroxyindole was the primary metabolite isolated when indole was incu-
bated with freshly prepared rabbit liver microsomes (Posner et al., 1961).
3-Hydroxyindole may further oxidize to indigo (2-(1,3-dihydro-3-oxo-2H-indol-
2-ylidene)-1,2-dihydro-3H-indol-3-one) (Posner et al., 1961). Aerobic incubation of
indole with rat liver microsomes in the presence of glucose-6-phosphate, nicotin-
amide, and nicotinamide adenine dinucleotide phosphate, reduced (NADPH) for
1h demonstrated the formation of ring-oxidized metabolites including indigo, indi-
rubin (3-(1,3-dihydro-3-oxo-2H-indol-2-ylidene)-1,3-dihydro-2H-indol-2-one), and
oxindole (1,3-dihydro-2H-indol-2-one). Under anaerobic conditions, oxindole was
detected (King et al., 1966). The presence of metabolites of indole observed under
aerobic conditions were also reported when indole was incubated with recombinant
human CYP enzymes, 2A6, 2C19, and 2E1 coexpressed with CYP reductase in
Escherichia coli (Gillam et al., 2000). These studies support the role of CYP
enzymes in the oxidation of the indole ring.

Alkyl-substituted pyrroles and indoles undergo mainly side-chain oxidation,
although there is some evidence that epoxidation of the indole ring alkene also
occurs. Mice and rats given C-labelled 3-methylindole (No. 1304) as a single
intraperitoneal injection at 400 mg/kgbw excreted 69.4 and 66.2%, respectively, of
the administered dose as indole-3-carbinol (i.e. 3-hydroxymethylindole) and 2.6
and 7.3%, respectively, as the mercapturic acid conjugate of 3-methylindole, 3-[(N-
acetylcystein-S-yl)methyllindole (see Figure 2) (Skiles et al., 1991). The mercap-
turic acid conjugate is likely to be formed via a reactive 3-methylene iminium ion
(Figure 1) that may be generated either directly via CYP mediated oxidation of the
methyl substituent or indirectly via ready dehydration of indole-3-carbinol (Skiles
& Yost, 1992).

At least six metabolites were isolated from the urine of male Swiss-Webster
mice at 36h after administration of ring-labelled [**C]3-methylindole at a dose of
400mg/kgbw by intraperitoneal injection. Two primary pathways were character-
ized. In one, side-chain oxidation yields indole-3-carbinol that is dehydrated to 3-
methyleneindolenine which subsequently is conjugated with glutathione to yield
3-[(N-acetylcystein-S-yl)methyl]indole. Indole-3-carbinol is then oxidized to the cor-
responding carboxylic acid. In the other pathway, the 2,3-alkene is epoxidized to
yield 3-methyloxindole or 3-hydroxy-3-methylindolenine intermediates. These
intermediary metabolites are conjugated with glucuronic acid or sulfuric aicd, fol-
lowed by excretion in the urine, or are further oxidized to yield a series of dihy-
droxy-3-methyloxindole metabolites that are also conjugated and excreted (Smith
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Figure 2. Metabolism of indole under aerobic conditions
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et al., 1993). When (*H-2-)-3-methylindole was incubated with microsomal CYP in
the presence of ®0,, 3-methyloxindole was formed with an 0O label incorporated
at position 2. Also, an intramolecular shift (NIH shift) of 2H from position 2 to posi-
tion 3 was observed. These experiments provide evidence for the formation of the
epoxide followed by a well recognized NIH shift to yield 3-methyloxindole (Skordos
et al., 1998).

Evidence for the presence of the 3-methyleneindolenine intermediate has been
demonstrated by numerous experiments in vitro. Incubation of 3-methylindole
(0.5mmol/l) with rabbit Clara cells and alveolar macrophages yielded four metabo-
lites: the two metabolites derived from side-chain oxidation were indole-3-carbinol
and the glutathione conjugate, 3-(N-acetylcysteine-S-yl)-3-methylindole. Two other
metabolites, presumably derived from epoxidation, were 3-methyloxindole, and 2-
(N-acetylcystein-S-yl)-3-hydroxy-3-methylindoline, a mercapturic acid (Thornton-
Manning et al., 1993). Incubation with microsomal CYP, NADPH and excess
glutathione (4 mmol/l) produced the corresponding glutathione conjugates in place
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of the mercapturic acid conjugates (Thornton-Manning et al., 1993). Human liver
microsomes were incubated with ["C]3-methylindole in the presence of NADPH.
Hydrolysis of the isolated protein fraction indicated the presence of a cysteine
conjugate at position 3 of 3-methylindole. The authors suggested that a reactive
3-metyhyleneindolenine intermediate reacts with the cysteine thiol groups of target
proteins (Ruangyuttikarn et al., 1992).

Experiments have been performed in vitro to better characterize the enzyme-
catalysed formation of the reactive intermediate 3-methyleneindolenine and the
intermediates produced in subsequent reaction with glutathione and cellular pro-
teins. When liver homogenates isolated from rats treated with B-naphthoflavone
or phenobarbitone, known inducers of CYP, were incubated with 3-methylindole
(skatole, No. 1304) at 1mmol/l, rates of glutathione depletion were significantly
higher than rates of depletion for untreated liver homogenates (i.e. 32.1 (p < 0.05)
and 48 (p < 0.001) nmol/mg protein per 30min, respectively, versus 20 nmol/mg
protein per 30min for untreated controls) (Garle & Fry, 1989). Incubation of 3-
methylindole with HepG2 cell lysates containing vaccinia-expressed CYP2A6 or
CYP2F1 in vitro produced an intermediate that binds covalently to cellular proteins,
presumably through a similar mechanism (Thornton-Manning et al., 1992).

Swiss-Webster mice given L-buthionine-(S,R)-sulfoximine, a specific inhibitor
of GSH synthesis, at a dose of 0—6 mmol/kgbw, 3h before treatment with [“C-
methyl]3-methylindole at a dose of 75mg/kgbw, showed that the covalent binding
of 3-methylindole-derived radiolabel to cellular proteins increased with increasing
concentration of L-buthionine-(S,R)-sulfoximine. The binding was greater in the
renal tissue (3.4-fold increase) than in pulmonary (2.1-fold increase) or hepatic
(1.5-fold increase) tissues. Increased binding to cellular proteins correlated with
lower concentrations of glutathione (Yost et al., 1990).

Figure 3. Metabolic pathway of skatole in rats and human microsomal
preparations
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(i) Pyridines (Nos 1308, 1309, 1311-1313, 1315—-1318,
1320-1322) and quinolines (Nos 1302 and 1303)

Alkyl-substituted pyridines and quinolines are subject to side-chain oxidation,
usually at the C1 position (Hawksworth & Scheline, 1975). The polar hydroxy- or
acyl-substituted metabolites are readily excreted in conjugated form (see Figure
4). Ring hydroxylation and epoxidation have also been observed for substituted
quinolines. In addition, pyridine derivatives may form polar N-oxides (Cowan et al.,
1978) (Figure 4). Pyridine itself has been found to undergo N-oxidation and N-
methylation in vivo in most species (Damani & Crooks, 1982). Instances of com-
bined side-chain oxidation and N-oxide formation have been observed (Cowan et
al., 1978; Schwartz et al., 1978; Damani et al., 1980; Nguyen et al., 1988).

Methyl nicotinate is the only ester in the group and is rapidly hydrolysed to
yield pyridinecarboxylic acid (nicotinic acid) and methyl alcohol by carboxylester-
ases (Heymann, 1980; White et al., 1990; Durrer et al., 1992).

In a study of the effect of substrate on the rate of carboxylesterase-catalysed
hydrolysis, the steady state kinetic constants for a series of nicotinate esters were
determined. Purified hog liver carboxylesterase and human plasma containing
carboxylesterase were incubated with methyl nicotinate. The maximal velocity
(Vmax) for ester hydrolysis in homogeneous hog liver carboxyesterase and human
plasma is 24.4 and 46.4mmol/min per mg protein, respectively, indicating rapid
hydrolysis of ester (Durrer et al., 1992).

Nicotinic acid, or niacin, is ubiquitous in living cells and is essential for the
production of nicotinamide adenine dinucleotide (NAD) and its derivatives. As a
result of normal turnover of NAD or excess dietary intake, nicotinic acid is excreted
as the glycine conjugate, nicotinuric acid (Miller et al., 1960). In humans, approxi-
mately 88% of an oral dose of 3000 mg of nicotinic acid was recovered in the urine
within 1h (Miller et al., 1960).

There is substantial experimental evidence that alkyl-substituted pyridines
undergo extensive side-chain oxidation to yield the corresponding carboxylic acid
derivatives. Ninety per cent of a dose of 2-methylpyridine of 100 mg/kgbw or 96%
of a dose of 2,6-dimethylpyridine (No. 1317) of 100mg/kgbw administered by
gavage to male albino Wistar rats was excreted as the glycine conjugate of the
corresponding pyridine-2-carboxylic acid derivative (Hawksworth & Scheline,
1975).

In groups of three male and three female Wistar rats given 4-methylpyridine at
a dose of 300mg/kgbw by gavage, >50% was excreted in the urine principally as
pyridine-4-carboxylic acid (50%) or its glycine conjugate (5%) after 24 h. Minor
metabolites included unchanged 4-methylpyridine (approximately 2.5%) and
4-methylpyridine-N-oxide (1.5%), demonstrating that N-oxidation is also a
minor metabolic pathway (Nguyen et al., 1988). In fact, in mice, hamsters, rats,
guinea-pigs, or rabbits given the related substance 3-methylpyridine at a dose of
40 mg/kgbw by intraperitoneal administration, 6.4, 0.3, 4.0, 0.7, and 0.1%, respec-
tively, of the administered dose was excreted in the urine as the corresponding
N-oxide within 24h (Gorrod & Damani, 1980).
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Figure 4. Metabolic pathway for 3-alkyl- and 3-acetylpyridine
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When incubated with hepatic and pulmonary microsomal preparations isolated
from male Wistar rats, albino Dunkin-Hartley guinea-pigs, albino New Zealand
rabbits, and LACA albino mice, 3-methylpyridine, 3-ethylpyridine (No. 1315), and
3-acetylpyridine (No. 1316) were converted to N-oxides by the hepatic microsomal
fractions and not the pulmonary microsomal fractions (Cowan et al., 1978).

Although no metabolic data are available on 2-acetylpyridine, data are available
on the structurally related compound, 3-acetylpyridine. 3-Acetylpyridine is metabo-
lized by both N-oxidation and side-chain reduction. In rats, 3-acetylpyridine is
reported to be metabolized to 1-(3-pyridyl)ethanol and 1-(3-pyridyl-N-oxide)ethanol
(Schwartz et al., 1978). Both 1-(3-pyridyl)ethanol and (3-pyridyl)-1,2-ethandiol
were isolated as N-oxide derivatives from the urine of a dog given daily oral doses
of 3-acetylpyridine for 8 consecutive days (McKennis et al., 1964). Similar results
were obtained in vitro when 3-acetylpyridine was incubated successively with rat
microsomal and cytoplasmic preparations. In both experiments, metabolites
included 1-(3-pyridyl-N-oxide)ethanol and 1-(3-pyridyl)ethanol (Damani et al.,
1980) (Figure 2).

2-Pyridinemethanethiol (No. 1308) is oxidized to the polar sulfonic acid metabo-
lite and subsequently excreted in the urine. The oxidation of thiol is catalysed by
two enzyme systems, CYP and the flavin-containing monooxygenases (Renwick,
1989). Aromatic and aliphatic sulfides are primarily oxidized by flavin-containing
monooxygenases and, to a lesser extent, CYP to form sulfonic acids. Based on
the numerous examples of successive oxidation of thiols to sulfonic acids by flavin-
containing monooxygenases and CYP enzymes in a variety of test systems
(Cashman & Williams, 1990; Cashman et al., 1990; Rettie et al., 1990; Yoshihara
& Tatsumi, 1990; Sadeque et al., 1992, 1995; Cashman et al., 1995a, 1995b;
Elfarra et al., 1995; Nnane & Damani, 1995), it is concluded that the S-oxidation
pathway is the major route of detoxication of 2-pyridinemethanethiol in humans
(Ziegler, 1980; Nickson & Mitchell, 1994).
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Alkyl-substituted quinolines undergo side-chain oxidation, ring epoxidation and
ring hydroxylation. When 6-methylquinoline (No. 1302) was incubated with rat liver
microsomes, 6-hydroxylmethylquinoline, 5-hydroxyl-6-methylquinoline, and 6-
methyl-7,8-oxoquinoline were the major metabolites. Other minor metabolites
include 6-methyl-5,6-oxoquinoline, quinoline-6-carboxaldehyde, and quinoline-6-
carboxylic acid (Scharping et al., 1993).

Isoquinoline (No. 1303), lacking ring substituents, is subject to N-oxide forma-
tion, epoxidation and ring hydroxylation. When groups of five male Wistar rats were
given isoquinoline at a dose of 75 mg/kgbw via intragastric tube for three consecu-
tive days, induction of UDP-glucuronosyltransferase, microsomal epoxide hydro-
lase, and GST activities were observed. Isoquinoline showed a 1.4 to 1.8-fold
increase in UDP-glucuronosyltransferase activity and a 20% increase in GST activ-
ity (p < 0.05) (Le & Franklin, 1997).

On the basis of the evidence above, pyrrole and indole undergo ring hydroxyl-
ation. Alkyl-substituted pyrroles and indoles mainly undergo CYP-mediated oxida-
tion of the side-chain to yield the corresponding side-chain alcohol that may be
excreted as the glucuronic acid or sulfuric acid conjugate or further oxidized. To
some extent, epoxidation of the pyrrole ring may occur leading to hydroxylated
polar metabolites excreted mainly in the urine. In a similar manner, alkyl-
substituted pyridines and quinolines are subject to side-chain oxidation and in the
case of substituted quinolines, ring epoxidation and ring hydroxylation. The
polar hydroxy- or acyl-substituted metabolites are readily excreted in conjugated
form. In addition, pyridine and quinoline derivatives may form polar N-oxides.
Instances of combined side-chain oxidation and N-oxide formation have been
observed.

2.3.2 Toxicological studies

The available data on the toxicity of pyridine, pyrrole and quinoline derivatives
in this group of 22 flavouring agents are presented below. Although the studies of
acute toxicity and and short-term studies of toxicity were of limited use for evaluat-
ing the safety of these substances, because of their short duration, they are
included for completeness.

(a) Acute toxicity

Oral median lethal dose (LDy,) values have been reported for 10 of the 22
agents in this group (see Table 3). In rats, LDs, values are in the range from 51 to
3450 mg/kgbw; however most LDs, values range from approximately 300 to
1500mg/kgbw (Smyth et al., 1951, 1962; Spanjers & Til, 1968; McGee, 1974;
Posternak et al., 1975; Moreno, 1976; lzamerov et al., 1982; Costello et al., 1992;
Myers & Ballantyne, 1997), demonstrating that the acute oral toxicity of pyridine,
pyrrole and quinoline derivatives is low. In mice, LDs, values are in the range of
282 to 2800mg/kgbw (Shellenberger, 1971; Pellmont, 1977; Moran et al., 1980;
Izamerov et al., 1982).
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Table 3. Studies of the acute toxicity of pyridine, pyrrole and quinoline
derivatives administered orally

No. Flavouring agent Species Sex LDs, Reference

(mg/kg bw)
1301 Indole Rat M 1000 Smyth et al. (1962)
1302 6-Methylquinoline Rat NR 1260 Moreno (1976)
1303 Isoquinoline Rat NR 360 Smyth et al. (1951)
1304 Skatole Rat NR 3450 McGee (1974)
1309 2-Acetylpyridine Rat NR 2280 Posternak et al. (1975)
1309 2-Acetylpyridine Rat M, F 2160% Spanijers & Til (1968)
1310  N-Furfurylpyrrole Mice F 335 Shellenberger (1971)
1310  N-Furfurylpyrrole Mice M 580 Shellenberger (1971)
1310  N-Furfurylpyrrole Mice M, F 380 Moran & Easterday (1980)
1316 3-Acetylpyridine Rat M 57° Costello et al. (1992)
1316  3-Acetylpyridine Rat F 51° Costello et al. (1992)
1318 5-Ethyl-2-methylpyridine Rat NR 1540 Smyth et al. (1951)
1318 5-Ethyl-2-methylpyridine Rat NR 368 Izamerov et al. (1982)
1318 5-Ethyl-2-methylpyridine Mice NR 282 Izamerov et al. (1982)
1318 5-Ethyl-2-methylpyridine Rat M 1195¢ Myers & Ballantyne (1997)
1319 2-Propionylpyrrole Mice M, F 1620 Moran & Easterday (1980)
1320 Methyl nicotinate Mice NR 2800 Pellmont (1977)

F, female; M, male; NR, not reported.

# Calculated using density = 1.08 g/ml (Sigma-Aldrich, 2003; available from
http://www.sigmaaldrich.com).

® Calculated using density = 1.102g/ml (Sigma-Aldrich, 2003; available from
http://www.sigmaaldrich.com).

¢ Calculated using density = 0.919g/ml (Sigma-Aldrich, 2003; available from
http://www.sigmaaldrich.com).

(b)  Short-term studies of toxicity

The results of short-term studies with representative pyridine, pyrrole and qui-
noline derivatives are summarized in Table 4 and are described below.

(i) Indole (No. 1301)
Rats

Groups of six male Holtzman rats were fed a diet containing indole at a con-
centration of 0 (control), 0.25, 0.50, or 0.75% for 3 weeks (equivalent to a dose of
approximately 0, 125, 250, or 375mg/kgbw per day. An additional group received
a diet containing indole at 0.75%, supplemented with methionine at 0.25%. The
animals were monitored for food consumption and food efficiency, uptake, body-
weight gain, and haematological effects. At termination of the study, the animals
were necropsied and the livers were weighed. A statistically significant reduction
in food intake was reported at 0.50 and 0.75%. All groups fed indole, including the
group receiving indole at 0.25% in the diet, exhibited a statistically significant
reduction in body-weight gain. However, animals in the group given the diet sup-
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plemented with methionine at 0.25% had body-weight gains similar to those of the
controls. There were no significant differences between test and control animals
with respect to concentration of haemoglobin or erythrocyte volume fraction, and
relative weights of the liver (Martinez & Roe, 1972).

(i) Indole-3-carbinol, a metabolite of skatole (No. 1304)

Indole-3-carbinol is a major urinary metabolite formed by side-chain oxidation
of skatole (3-methylindole, No. 1304) and is therefore available data on its toxicity
is included in this evaluation

Rats

In a study designed to evaluate the ability of indole-3-carbinol to prevent
cancer, groups of 20 female Sprague-Dawley rats were given a tricapylin vehicle
with or without different tumour-inducing agents on days 1, 8, 15 to 26, and 29.
Animals were maintained on a basal diet with access to food and water ad libitum.
From weeks 5 to 30, control animals continued to be given a basal diet or a diet
supplemented with indole-3-carbinol at a concentration of 2000mg/kg of diet
(approximately equivalent to an intake of 100mg/kgbw per day). Animals were
weighed weekly and the size and location of palpable mammary gland tumours
were recorded. After 30 weeks, animals were killed and subjected to macroscopic
and histopathological examination. Total foci and aberrant crypts per focus were
evaluated by light microscopy. Mean body weights in the groups treated with
indole-3-carbinol were significantly (p < 0.05) lower than those of the control group.
There was no significant difference in survival in the control group and in the
groups treated with indole-3-carbinol. A higher incidence of mammary gland
tumours (10%) was detected in the control group that was treated with vehicle
only, when compared with that (0%) in the group treated with vehicle and main-
tained on a diet supplemented with indole-3-carbinol at a concentration of 2000 mg/
kg of diet from weeks 5 to 30. Treatment with indole-3-carbinol resulted in a 100-
fold increase in liver GST-P (placental form of glutathione-S-transferase) foci, but
a decreased number of aberrant crypts of the colon compared with the control
group (Stoner et al., 2002).

In a 6-week study, groups of 10 female Sprague-Dawley rats were given indole-
3-carbinol at a dose of 0, 5, 25, 50, 100, or 200 mg/kgbw per day by gavage 5
days per week. Animals underwent daily observation for clinical signs of toxicity
and weekly measurements of body weight. In addition, at the conclusion of the
study, gross necropsy, organ weight measurements, and histopathological exami-
nation were conducted. At the highest dose, a 10% reduction in body-weight gain
and a 20% increase in absolute weight of the liver was reported. No other adverse
effects were reported (Grubbs et al., 1995).

A group of male inbred ACI/N rats was maintained on a basal diet or a diet
containing indole-3-carbinol at a concentration of 1000mg/kg of diet (approxi-
mately equivalent to a dose of 50mg/kgbw per day) for 37 weeks. Animals were
observed daily for general health, and at 37 weeks, body weights were measured
and animals were killed. At necropsy, liver weights were recorded and organs were
evaluated for gross lesions. Histological examination of major organs was per-
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formed and the oral cavity was evaluated for pre-neoplastic and neoplastic lesions.
There were no treatment-related effects on body and liver weights, or on gross
pathology. Histopathological examinations did not reveal any differences between
treated and control animals, and there was no treatment-related increase in the
incidence of neoplasms of the oral cavity (Tanaka et al., 1992)

(i) 6-Methylquinoline (No. 1302), methyl- 2-pyrrolyl ketone
(No. 1307), 2-pyridinemethanethiol (No. 1308), and
2-acetylpyridine (No. 1309)

Rats

In a series of 90-day single-dose studies, groups of 10—16 Charles River CD
rats were fed diets containing either 6-methylquinoline, methyl 2-pyrrolyl ketone,
2-pyridinemethanethiol, or 2-acetylpyridine. The rats were housed in same-sex
pairs and given access to water and food ad libitum. The concentration of the test
material in the diet was adjusted during the study to maintain constant levels of
dietary intake. The doses were calculated to be >100 times greater than the pos-
sible average daily intake, which was determined by multiplying usual levels of use
of the flavouring agent in each of 33 food categories (e.g. baked goods and meat
products) by the average amount of that food category consumed daily and
summing the intake over all 33 food categories. Body weights of the individual rats
and the food consumption of pairs of rats were measured weekly and the efficiency
of food utilization was calculated. Haematological examinations were carried out
on half the animals at 7 weeks and on all animals at 13 weeks. After 13 weeks,
all animals were killed, liver and kidney weights were measured, and gross and
histological examinations were carried out on a wide range of organs. Tissues
samples from various organs from each animal were preserved for histopathologi-
cal evaluation.

Based on measurements of growth, food intake, haematological and clinical
chemistry parameters, organ weights, and gross and histopathological examina-
tion, no differences were observed between groups of animals receiving 2-pyrid-
inemethanethiol, 6-methylquinoline, or 2-acetylpyridine and control animals.
Similarly, with the exception of a significant decrease in body-weight gain of <10%
accompanied by a decrease in food utilization in males only, no other variations
were reported in groups of rats receiving methyl 2-pyrrolyl ketone, compared with
controls. Therefore, the NOELs were: 2-acetylpyridine, 3.13 and 3.06 mg/kg bw per
day (Posternak et al., 1975); 2-pyridinemethanethiol, 3.42mg/kgbw per day
(Posternak et al., 1969); 6-methylquinoline, 2.2 and 2.7 mg/kg per day (Posternak
et al.,, 1969); and methyl-2-pyrrolyl ketone, 87.5 and 86.3mg/kgbw per day, for
males and females, respectively (Posternak et al., 1975).

(iv)  2-Acetylpyridine (No. 1309)

Rats

Groups of 10 male and 10 female albino rats were given 2-acetylpyridine at a
dose of 0, 37, 110, 330, or 1000 mg/kgbw per day by gavage in a propylene glycol
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vehicle, 6 days a week for 13 weeks. Clinical signs of toxicity, body-weight gain,
and food intake were recorded and haematological parameters were assessed.
Serum enzyme activities of serum glutamic pyruvic transaminase, serum glutamic
oxaloacetic transaminase, and serum alkaline phosphatase were monitored. In
addition, urine analysis was performed at the end of the study. At week 14, all
surviving animals were killed and examined macroscopically. Selected organs
were weighed and microscopic examinations were performed. 2-Acetylpyridine
had no effect on general appearance, behaviour, mortality, growth, water intake,
serum enzyme activity, or urine composition. All early deaths were attributed to
dosing errors. Slight anaemia was indicated by a decrease in erythrocytes in males
at the two higher doses (330 and 1000 mg/kgbw per day) and in females at 110
and 330mg/kgbw per day. While the decrease in erythrocyte count was less
distinct at 1000 mg/kgbw per day, females at the highest dose (1000 mg/kgbw
per day) exhibited decreased lymphocyte counts and increased neutrophil counts.
Relative weights of the kidney, liver, and spleen were increased at the highest dose
in both males and females. Slightly elevated absolute weights of the liver
were also observed in both sexes at 330 mg/kgbw per day; however, the increase
was not statistically significant. Microscopic examination revealed changes in
centrolobular hepatocytes (slightly swollen cells with homogeneous, eosinophilic
cytoplasm, individual cell necrosis, and increased number of mitotic figures),
slight proliferation of bile duct epithelium, and increased haematopoietic activity in
the spleen at the two higher doses (330 and 1000 mg/kgbw per day) in both sexes,
with the exception of the hepatic changes, which were observed only at the
highest dose (1000mg/kgbw per day) in females. The NOEL for 2-acetylpyridine
was 37 mg/kgbw per day in albino rats (Til & van der Meulen, 1971).

(v)  N-Furfurylpyrrole (No. 1310)
Rats

Groups of 15 male and 15 female albino FDRL rats were fed a diet containing
N-furfurylpyrrole, which was adjusted at 2-week intervals to maintain an intake of
11.2mg/kgbw per day for 90 days. The average actual intake of N-furfurylpyrrole
was calculated to be 12.21 mg/kgbw per day. Rats were given access to drinking-
water ad libitum. Daily observation for survival, behaviour and physical appearance
produced no indications of changes in behaviour or signs of toxicity. All animals
survived to the end of the study. Weekly measurements of body weight, food
consumption, and calculation of efficiency of food utilization, revealed no differ-
ences between test and control animals. Haematological examination, clinical
chemistry (blood urea), and urine analysis conducted during weeks 6 and 12 on
eight males and eight females from each group showed normal values. After 90
days, all animals were killed and subjected to a detailed gross examination, and
liver and kidney weights were recorded. Histological examination of a wide range
of tissues and organs from each animal revealed no treatment-related changes
(Morgareidge, 1971).
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(c¢) Long-term studies of toxicity and carcinogenicity

The results of a study of carcinogenicity with indole are summarized in Table
4 and are described below.

(i) Indole (No. 1301)
Rats

Groups of five male and twenty female strain W rats were maintained on a diet
providing indole at a dose of 0 or 100mg/kgbw per day for 460 days, followed by
a 30-day period of no treatment to examine the possible reversibility of any
treatment-related effects. Following the reversibility period, treatment with a diet
providing indole at a dose of 200 mg/kg bw per day was continued for 100 additional
days. A concurrent control group was maintained, but was not described.
Animals were monitored every 2 weeks for food consumption, body weight,
survival and haematological effects. At necropsy, liver, kidney, and spleen were
examined microscopically. Rats maintained on a diet supplemented with indole
showed a 20% reduction in body-weight gain compared with controls. The
haematological profile obtained for the first 460 days revealed slightly reduced
concentrations of haemoglobin and erythrocyte counts compared with thoseof the
controls (i.e. haemoglobin, 15.2 versus 13.8gHb/100ml blood; and erythrocyte
count, 8 versus 6.4 million cells/ml blood, respectively), which were reversible upon
cessation of treatment. By day 460, the leukocyte counts reached twice their
original values, which the authors stated were still within the normal range of values
for rats. No leukaemia or other tumours attributable to administration of indole were
observed in the animals. The average life expectancy of the rats was not altered
by the inclusion of indole in the diet. Except for indications of moderate reversible
anaemia, no other adverse effects were reported (Kaiser, 1953).

(d)  Genotoxicity

Studies of mutagenicity and genotoxicity were available for nine pyridine,
pyrrole and quinoline derivatives. The results of these tests are summarized in
Table 5 and described below.’

(i) Invitro

There was no evidence of mutagenicity in the assay for reverse mutation in
bacteria when various strains of Salmonella typhimurium (TA97, TA98, TA100,
TA102, TA104, TA1535, TA1537, TA1538, and TM677) were incubated with indole

" For conversions used, see Table 5
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(No. 1301) at a concentration of up to 30 umol/plate (3515 ug/plate) (Anderson &
Styles, 1978; Kaden et al., 1979; Florin et al., 1980; Ochiai et al., 1986; Vance et
al., 1986; Sasagawa & Matsushima, 1991; Fujita et al., 1994), isoquinoline (No.
1303) at a concentration of up to 20000 ug/ml (Sugimura et al., 1976; Nagao et
al., 1977; Epler et al., 1979; Kaden et al., 1979; Sideropoulos & Specht, 1984; ),
skatole (No. 1304) at a concentration of up to 3umol/plate (394 ug/plate) (Florin
et al., 1980; Ochiai et al., 1986; Kim et al., 1989; Sasagawa & Matsushima, 1991),
pyrrole (No. 1314) at a concentration of up to 1.4mmol/plate (93926 ug/plate)
(Florin et al., 1980; Aeschbacher et al., 1989; Lee et al., 1994), and 3-ethylpyridine
(No. 1315) at a concentration of up to 3umol/plate (321 mg/plate) (Florin et al.,
1980) with and without metabolic activation. Methyl 2-pyrrolyl ketone (No. 1307)
at concentrations of 4 to 100 umol/plate induced a > 2-fold increase in the number
of revertants per plate compared with the control when tested in S. typhimurium
TA98 in the absence of metabolic activation (Lee et al., 1994). However, negative
results were obtained with metabolic activation as well as in S. typhimurium TA100
(both with and without metabolic activation). Furthermore, no mutagenic activity
was reported in either strain when incubated with methyl 2-pyrrolyl ketone at a
concentration of up to 200 ug/plate with and without metabolic activation (Wang et
al., 1994). 6-Methylquinoline (No. 1302) at a concentration of 3.3 to 3600 g/plate)
gave uniformly positive results in the presence of metabolic activation (Sugimura
et al., 1976; Nagao et al., 1977; Dong et al., 1978; Wild et al., 1983; Takahashi et
al., 1988; Debnath et al., 1992; Zeiger et al., 1992). Methylquinolines, tested at a
concentration of 400 ug/plate, showed a potent bactericidal or bacteriostatic effect,
with only 6% survival of S. typhimurium TA100 treated with 6-methylquinoline
(Dong et al., 1978).

There was no evidence of mutagenicity when Escherichia coli (strains WP2
uvrdA/pKM101, SD-4-73, or B/r HCR+) were incubated with indole (No. 1301) at
a concentration of up to 0.4umol/plate (47 mg/plate) (Sasagawa & Matsushima,
1991), isoquinoline (No. 1303) at a concentration of up to 50ug/ml, skatole (No.
1304) at a concentration of up to 0.4umol/plate (52mg/plate) (Szybalski, 1958;
Sasagawa & Matsushima, 1991), or 3-acetylpyridine (No. 1316) at a concentration
of up to 10000 mg/plate of (Pai et al., 1978).

In non-standardized assays, 2-acetylpyridine (No. 1309) at 0.50 to 0.87%
(54000 to 939600 ug/ml) and 3-acetylpyridine (No. 1316) at 0.5 to 1.11% (55100
to 122322 ug/ml) caused a dose-dependent increase in mitotic aneuploidy in strain
D61.M of Saccharomyces ceverisiae (Zimmermann et al., 1986). At the higher test
concentrations, the growth of D61.M was strongly or completely inhibited. The
authors noted that it is generally recognized that there is a threshold dose for
induction of aneuploidy in yeast (Zimmermann et al., 1985a, 1985b, 1985c).

Assays in mammalian cell lines have been performed for isoquinoline
(No. 1303) (Williams, 1984), skatole (No. 1304) (Kim et al., 1989), and pyrrole
(No. 1314) (Williams, 1984). There was no evidence of increased unscheduled
DNA synthesis when freshly isolated rat liver cells were incubated with pyrrole or
isoquinoline (concentrations not specified) (Williams, 1984). Single-strand DNA
breaks and inhibition of growth were reported when undeuterated or deuterated
(at C2 or C3 positions) 3-methylindole (skatole) at 10umol/l to 1 mmol/l (1.31 to
131.18 mg/ml) was incubated with isolated cultured bovine kidney cells. However,
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there was no evidence of DNA interstrand crosslinks (Kim et al., 1989). These
observations are consistent with reports that, at high concentrations, indoles
deplete glutathione, leading to increased formation of DNA adducts (Nichols et al.,
2000; Regal et al., 2001).

(i) In vivo

There was no evidence for mutation in a standard assay for sex-linked
recessive lethal mutation when adult Drosophila melanogaster were fed 6-
methylquinoline (No. 1302) at a concentration of 10mmol/l (1432ug/ml) in a
5% sucrose solution for 3 days (Wild et al., 1983). Furthermore, 6-methylquinoline
did not induce micronucleus formation in bone marrow cells obtained from male
and female NMRI mice 30h after treatment with the test compound as a
single intraperitoneal dose at 0, 286, 429, or 572mg/kgbw (Wild et al., 1983).

(iii)  Conclusions

Overall, negative results were reported in assays for reverse mutation in bac-
teria for six representative pyridine, pyrrole and quinoline derivatives (i.e. indole,
No. 1301; isoquinoline, No. 1303; skatole, No. 1304; methyl 2-pyrrolyl ketone,
No. 1307; pyrrole, No. 1314; and 3-ethylpyridine, No. 1315). Although
6-methylquinoline gave positive results with metabolic activation, it gave negative
results in studies in vivo, indicating that there are adequate detoxication
mechanisms for the rapid absorption, distribution, biotransformation, and
elimination of the N-containing heteroaromatic derivatives. 2-Acetylpyridine and
3-acetylpyridine produced positive results in yeast, but this is unlikely to occur at
low doses because yeast is generally believed to have a threshold for the induction
of aneuploidy. The positive results reported in bacteria for skatole are consistent
with observations that, at high concentrations, indoles depletes glutathione, leading
to reduced detoxification.

On the basis of the available evidence, the 22 pyridine, pyrrole and quinoline
derivatives in this group do not demonstrate genotoxic potential.

(e) Other relevant studies
()  DNA adducts

Numerous studies have been undertaken to investigate the alkylating potential
of 3-methylindole and its principal metabolite indole-3-carbinol. A recent study has
investigated the formation of DNA adducts with metabolites of 3-methylindole
(skatole) in vitro. When 3-methylindole at a concentration of 200 umol/l is incubated
with calf thymus DNA in the presence of CYP obtained from goat lung, rat liver,
or human liver microsomes, DNA adducts are formed. In all three microsomal
preparations, the 3-methylindole-deoxyguanosine adduct was the primary adduct.
3-Methylindole-deoxyadenosine and 3-methylindole-deoxycytosine adducts were
formed in smaller amounts. No adducts were reported in untreated hepatocytes.
Analysis of adducts formed when 3-[2H;]-methylindole was incubated with micro-
somes revealed that the 3-methyleneindolenine intermediate undergoes nucle-
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ophilic attack with the nucleotide amine function. When mammalian cell lines were
exposed to 3-methylindole at 200 umol/l, or more likely its activated metabolite(s),
concentrations of GSH were depleted, leading to increased formation of protein
and DNA adducts (Regal et al., 2001).
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1. EVALUATION
1.1 Introduction

The Committee evaluated a group of 20 aliphatic and alicyclic hydrocarbons
(Table 1) by the Procedure for the Safety Evaluation of Flavouring Agents (see
Figure 1, p 192). One member of this group, d-limonene (No. 1326), was evaluated
by the Committee at its thirty-ninth meeting (Annex 1, reference 707) and was
assigned an acceptable daily intake (ADI) of 0—1.5mg/kg bw. The Committee
at that meeting recommended, however, that intake of this substance as a food
additive be restricted to 0.075mg/kg bw per day, or 5% of the ADI. At its forty-
first meeting (Annex 1, reference 107), the Committee re-evaluated the ADI for
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d-limonene and recommended that it be withdrawn and replaced with an ADI ‘not
specified’.

Nineteen of the 20 flavouring agents in this group (Nos 1323, 1324, 1326-1331,
1336—-1343 and 1345-1347) have been reported to occur naturally in foods. They
have been detected in, for example, coffee, alcoholic beverages, baked and fried
potato, heated beans, tea, bread and cheese (Nijssen et al., 2003). The substance
with the highest natural occurrence is d-limonene (No. 1326).

1.2 Estimated daily intake

The total annual volume of production of the 20 flavouring agents in this group is
approximately 380000kg in Europe (International Organization of the Flavor Indus-
try, 1995) and 140000kg in the USA (National Academy of Sciences, 1989; Lucas
et al., 1999). d-Limonene (No. 1326) accounts for approximately 73% of the total
annual volume of production in Europe and 71% in the USA. The estimated daily
intakes of d-limonene in Europe and the USA are approximately 40000ug and
13000 ug/person, respectively. Myrcene (No. 1327), o- and B-pinene (Nos 1329
and 1330, respectively), terpinolene (No. 1331), B-caryophyllene (No. 1324), o-
phellandrene (No. 1328), and p-mentha-1,4-diene (No. 1340) account for most of
the remaining (approximately 26—27%) total annual volume of production. The esti-
mated daily intakes of these flavouring agents are in the range of 92—8300 ug/person
in Europe and 70-2400pug/person in the USA. The reported annual volumes of
production of the remainder of the flavouring agents in this group are extremely low,
accounting for <1 and 3% of the total annual volume of production in Europe and the
USA, respectively. The estimated daily intakes of these agents range from <0.1 to
93ug/person in Europe and the USA, except for 1-methyl-1,3-cyclohexadiene (No.
1344) which has an estimated daily intake of approximately 300ug/person in the
USA. The estimated daily per capita intake of each agent is reported in Table 2.

1.3 Absorption, distribution, metabolism and elimination

Being lipophilic, the aliphatic and alicyclic hydrocarbons in this group are likely
to cross biological membranes by passive diffusion. After oral and inhalation expo-
sure, they are rapidly absorbed and distributed to body tissues, elimination from
blood being triphasic, with a slow terminal phase.

On the basis of the available data, it is anticipated that all the aliphatic and ali-
cyclic hydrocarbons in this group will participate in similar pathways of metabolic
detoxification in mammals, including humans. After absorption, these hydrocar-
bons are oxidized to polar oxygenated metabolites via cytochrome P450 (CYP)
enzymes and alcohol and aldehyde dehydrogenases. The aliphatic and alicyclic
substances are oxidized either by side-chain oxidation or by epoxidation of an
exocyclic or endocyclic double bond. Alkyl oxidation initially yields hydroxylated
metabolites that may be excreted in conjugated form or undergo further oxidation,
yielding more polar metabolites that are also excreted in conjugated form in the
urine. If a double bond is present, epoxide metabolites may form and these
metabolites are detoxified either by hydrolysis to yield diols, or by conjugation with
glutathione.
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1.4

Step 1.

Step 2.

Step A3.

Step A4.

Step A5.

ALIPHATIC AND ALICYCLIC HYDROCARBONS

Application of the Procedure for the Safety Evaluation of

Flavouring Agents

In applying the Procedure, the Committee assigned all the 20 flavouring
agents in this group to structural class | (Cramer et al., 1978).

All the flavouring agents in this group are expected to be metabolized
to innocuous products. The evaluation of all agents in this group there-
fore proceeded via the A-side of the decision-tree.

The estimated daily intakes of 17 of the 20 flavouring agents (Nos 1323,
1324, 1328, 1330, 1331 and 1336—-1347) are below the threshold of
concern (i.e. 1800ug/person per day for class I). According to the Pro-
cedure, the use of these 17 flavouring agents raises no safety concern
at estimated current intakes. The estimated daily per capita intakes of
the remaining three agents in this group, d-limonene (No. 1326), myrcene
(No. 1327) and oa-pinene (No. 1329), exceed the threshold of concern
for class I. Accordingly, the evaluation of these three agents proceeded
to step A4.

d-Limonene, myrcene and a-pinene are not endogenous in humans.
Therefore, the evaluation of these agents proceeded to step A5.

For myrcene (No. 1327) a lowest-observed-effect level (LOEL) of
250mg/kg bw per day was reported for male mice and male and female
rats treated by gavage for 13 weeks (National Toxicology Program,
2004a, 2004b), while the same dose was the no-observed-effect level
(NOEL) in female mice. This dose is approximately 1800 times greater
than the estimated intake of myrcene from its use as a flavouring agent
in Europe (140ug/kg bw per day) and 83000 times greater than the
estimated intake of myrcene in the USA (3ug/kg bw per day). The Com-
mittee concluded that myrcene would not pose a safety concern at
estimated current intake.

At its forty-first meeting, the Committee established an ADI ‘not specified’
for d-limonene (No. 1326) on the basis of short- and long-term studies of
toxicity in female rats and male and female mice, and studies of
developmental toxicity in mice, rats and rabbits. In these studies, d-limo-
nene was tested at doses ranging from 250 to 2800 mg/kg bw per day.
Based on the ADI ‘not specified’, the Committee concluded that d-limo-
nene would not pose a safety concern at the estimated current intakes
(660 ug/kg bw per day in Europe and 210ug/kg bw per day in the USA).

No toxicological data on a-pinene (No. 1329) were available. d-Limonene
shares structural characteristics with a-pinene in that both contain a
methyl-substituted cyclohexene ring, which contains a second alkyl
substituent. In d-limonene, this is an isopropenyl group, while in a-pinene
the second substituent is a dimethyl-substituted methylene bridge. Based
on these chemical structures, it would be predicted that the toxicity of o.-
pinene would be unlikely to exceed that of d-limonene. Both compounds
are predicted to be metabolized to innocuous products. Metabolism of
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both compounds is by hydroxylation of the cyclohexene ring and oxidation
of its methyl substituent. d-Limonene undergoes epoxidation of the
endocyclic and allylic double bonds, leading to dihydroxy products. a-
Pinene is converted to several metabolites, including d-limonene, by rat
liver microsomes in vitro. The Committee concluded that d-limonene
shared sufficient chemical and metabolic similarities with a-pinene to be
used as a structural analogue for a-pinene at this step of the Procedure.
The estimated current per capita intakes of a-pinene in Europe (36 ug/kg
bw per day) and in the USA (41 ug/kg bw per day) are approximately 5%
and 20%, respectively, of those of d-limonene, and are almost four orders
of magnitude lower than the lowest doses of d-limonene considered in
the establishment of its ADI ‘not specified’. On the basis of these
considerations, the Committee concluded that o-pinene would not pose
a safety concern at estimated current intakes.

The intake considerations and other information used to evaluate the 20 ali-
phatic and alicyclic hydrocarbons in this group according to the Procedure are
summarized in Table 1.

1.5 Consideration of secondary components

Nine members (Nos 1323, 1324, 1327, 1337-1339 and 1341-1343) of this
group of flavouring agents have assay values of <95%. The Committee evaluated
the secondary components in No. 1339 (1,4- and 1,8-cineole) at a previous
meeting and considered that they did not present a safety concern. The secondary
components in Nos 1323, 1324, 1337 and 1343 (C;sH,, terpene hydrocarbons)
and in No. 1342 (B-pinene, d-limonene, myrcene and p-cymene) were all evaluated
according to the Procedure by the Committee at its present meeting. The Com-
mittee did not consider any of these secondary components to present a safety
concern. The secondary components in No. 1327 (dihydromyrcene), No. 1338
(cis-B-ocimene), No. 1341 (2,4,6-undecatriene), and the remaining secondary
components in No. 1343 (other isomers of farnesene) are all structurally related
to the primary flavouring agents and are expected to share the same metabolic
fate. Therefore none of these secondary components was considered to present
a safety concern.

1.6 Consideration of combined intakes from use as flavouring agents

In the unlikely event that all 20 agents in this group were consumed concur-
rently on a daily basis, the estimated combined intake would exceed the human
intake threshold of 1800 ug/person per day for class |I. However, these 20 agents
are all expected to be efficiently metabolized and would not saturate metabolic
pathways. Overall evaluation of the data indicated that combined intake of these
agents would not raise a safety concern.

1.7 Conclusions

The Committee maintained the previously established ADI ‘not specified’ for
d-limonene (Annex 1, reference 107). The Committee concluded that use of the
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flavouring agents in this group of aliphatic and alicyclic hydrocarbons would not
present a safety concern at estimated current intakes. The Committee also noted
that the available data on the toxicity and metabolism of these flavouring agents
were consistent with the results of the safety evaluation.

2. RELEVANT BACKGROUND INFORMATION
2.1 Explanation

The relevant background information summarizes the key scientific data ap-
plicable to the safety evaluation of 20 aliphatic and alicyclic hydrocarbons used
as flavouring agents (see Table 1). All substances in this group are unsaturated
hydrocarbons that are acyclic, monocyclic, or bicyclic. Members of the group that
exhibit the highest annual volumes of use as flavouring agents include a series of
naturally occurring C10 terpene hydrocarbons (e.g. d-limonene, myrcene, and o-
and B-pinene).

22 Additional considerations on intake

Volumes of production and intake values for each flavouring agent are reported
in Table 2. The majority of flavouring agents in this group are products of plant
biosynthesis.

Nineteen of the 20 flavouring agents in the group have been reported to occur
naturally in traditional foods (Nijssen et al., 2003; Table 2). Quantitative data on
natural occurrence data have been reported for 14 flavouring agents in the group
(Stofberg & Grundschober, 1987). The consumption of all of these 14 agents is
derived predominantly from their presence in traditional foods (i.e. they have a
consumption ratio of >1; Table 2).

Owing to their volatility, several C,, terpene hydrocarbons in this group have
also been reported to emit from vegetation to the atmosphere. In North America,
the annual emissions for these C,, terpene hydrocarbons approach 18 million
tonnes, with major contributions coming from a-pinene (No. 1329), B-pinene (No.
1330), and §-3-carene (No. 1342) (Guenther et al., 2000).

23 Biological data
2.3.1 Biochemical data
(a) Absorption, distribution, and excretion

(i) Acyclic hydrocarbons

In male Japanese white rabbits given myrcene (No. 1327) at a dose of 670 mg/
kg bw per day by gavage for 2 days, approximately 25% of the total administered
amount (199 to six rabbits) could be recovered from the urine excreted over a
period of 3 days after administration. More than 80% of the metabolites in urine
were neutral metabolites, the rest were acidic metabolites (Ishida et al., 1981).
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(i) Monocyclic hydrocarbons

Male Wistar rats were given ['“Cg]d-limonene (No. 1326) by stomach tube at a
dose of 800 mg/kg bw, and the concentration of radiolabel was determined in blood,
tissues (fat not included), excreta, bile, and expired air. The animals were sacrificed
48h after dosing. Radiolabel reached a peak plasma concentration at 2h after
dosing, and after maintaining high levels for 10h, declined to negligible levels at
48h. In most tissues, peak concentrations of radiolabel were reached within 2h
after dosing, indicating rapid distribution. Liver, kidney and adrenals contained the
highest concentrations of radiolabel (higher than blood or serum); other tissues
(including brain) contained <0.2% of the administered radiolabel. Hardly any radio-
label could be detected at 48h after dosing. Whole body autoradiography con-
firmed these findings. At 48 h after dosing, about 60% of the administered radiolabel
was recovered from the urine, 5% from faeces and 2% from exhaled air as carbon
dioxide (CO,). Approximately 25% of the administered radiolabel was excreted in
the bile during the first 24 h after administration. Total recovery of radiolabel was
<100% and as there was hardly any radiolabel present in the tissues at 48 h, this
could point to loss of volatile *C from the excreta or to the elimination of volatile
“C-labelled compounds other than CO, (Igimi et al., 1974). When a similar dose
of ["*Cg]d-imonene was given to male rabbits, 72% and 7% of the radiolabel was
excreted in the urine and faeces during the first 72h, respectively (Kodama et al.,
1974).

In an additional study with several species (rats, hamsters, guinea-pigs, rabbits,
dogs, and humans) dosed orally with ['“C¢]-d-limonene, urinary excretion of radio-
label in rodents and rabbits comprised 82—96% of the dose within 72h and faecal
excretion was 2-9%. The total excretion rate in dogs was somewhat lower (77%
via urine and 9% via faeces within 72h), while two human volunteers excreted
55-83% of the administered dose in the urine. Faecal excretion in humans was
not measured, but may have been considerable in the person with lower urinary
excretion as this person developed diarrhoea shortly after administration. In all
species, most excretion occurred within the first 24h (Kodama et al., 1976).

In vitro, the solubility of d-limonene in blood and olive oil was high, but low in
water (partition coefficients were 42, 5700, 1.8, and 140 for blood/air, oil/air, water/
air, and oil/blood, respectively). This suggests a high respiratory uptake and accu-
mulation in adipose tissues (Falk et al., 1990a). Indeed, uptake was rapid and high
(68%) in an experiment in which human volunteers were exposed to d-limonene
in air at 0.225 and 0.450mg/I for 2h while doing light physical exercise. The
absorbed d-limonene was metabolized rapidly. Elimination followed a triphasic
pattern, with a short half-life in blood immediately after exposure (2.6 min) but a
long half-life during the late elimination phase (12.5h), which indicates slow elimi-
nation from adipose tissues. Approximately 1% of the total uptake was eliminated
unchanged in expired air, while approximately 0.003% was eliminated unchanged
in urine (Falk-Filipsson et al., 1993).

(iii)  Bicyclic hydrocarbons

When male Japanese white rabbits were given (+)-o-pinene (No. 1329) in a
single dose at 560mg/kg bw by gavage, only 3% of the total administered dose
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(109 to six rabbits) could be recovered from the urine collected for 3 days after
administration. All the metabolites in urine were neutral metabolites (Ishida et al.,
1981). The same authors also investigated the urinary excretion of 5-3-carene (No.
1342) and (-)-B-pinene (isomer of (+)-B-pinene, No. 1330) in rabbits, and found
that approximately 18% of the total administered amount (26 g to six rabbits) of 5-
3-carene could be recovered from the 3-day urine, with approximately 55% of the
metabolites in urine being acidic metabolites, and the remaining 45% being neutral
metabolites. For (-)-B-pinene, approximately 15% of the total administered dose
(129 to six rabbits) could be recovered from the urine, of which 43% were neutral
and 57% were acidic metabolites (Ishida et al., 1981).

In vitro data on the solubility of a-pinene, B-pinene (No. 1330) and 8-3-carene
in blood, olive oil and water suggest a high respiratory uptake and accumulation
in adipose tissues (partition coefficients were 15-32, 2900-5000, 0.12-0.41, and
160-190 for blood/air, oil/air, water/air, and oil/blood, respectively). For a-pinene
this is supported by a high estimated brain/blood partition coefficient of 18 (Falk
et al., 1990a). Experiments in which human volunteers were exposed to (+)- and
(-)-a-pinene or §-3-carene at 0.225 and 0.450mg/l in air for 2h while doing light
physical exercise confirmed that uptake was rapid and high for these agents (58—
60% for (+)- and (-)-o-pinene and 70% for 8-3-carene), and that they were metabo-
lized rapidly. Elimination followed a triphasic pattern, with (+)- and (-)-a-pinene
exhibiting a rapid initial (distribution) phase (4.8 and 5.6 min, respectively), a rapid
second distribution phase (38 and 40min, respectively), and a slow elimination
phase (695 and 555min, respectively). Triphasic elimination was also observed
for 8-3-carene with half-lives of 4.5, 35, and 1800 min for the initial, rapid, and slow
phases, respectively. It was estimated that it would require more than 2 or 6 days
to eliminate a.-pinene or §-3-carene, respectively, from the body. The long half-lives
indicate slow elimination from adipose tissues. Less than 0.001% of the total
uptake of a-pinene or 3-3-carene was eliminated unchanged in the urine, while
7.5-7.8% and 3% of the inhaled amount of the o-pinenes and §-3-carene was
exhaled (Falk et al., 1990b, 1991).

In another study, humans were exposed for 4 or 6 h to atmospheres containing
a mixture of volatile organic substances, which included a.-pinene, at total concen-
trations of 0.012 or 0.024 mg/l. At 0.024 mg/l, the air concentration of a-pinene was
0.775ug/l. The mean pre-exposure blood concentration of a-pinene of 0.035ug/l
increased to an average concentration of 1.9ug/l during the 4h of exposure (50—
240min). Thereafter (330—450min), the mean blood concentration decreased to
0.15ug/l. Changes proportional to those observed at 0.024 mg/l were recorded at
0.012mg/l. Similar results were recorded for 6h of exposure. Plasma elimination
for o-pinene was best described with a three-exponential curve, with half-lives
ranging from 0.22—7.8 min, 19-58 min and >150 min for the initial, intermediate and
terminal phases, respectively (Ashley & Prah, 1997).

In summary

Being lipophilic, the aliphatic and alicyclic hydrocarbons in this group are likely
to cross biological membranes by passive diffusion. After oral and inhalation expo-
sure, they are rapidly absorbed and distributed to body tissues, with elimination
from blood being triphasic with a slow elimination phase.
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(b) Metabolism
(i) Acyclic hydrocarbons

In the urine of rabbits given myrcene (No. 1327) via oral gavage, the main
metabolites identified were myrcene-3,10-glycol, myrcene-1,2-glycol, and uroter-
penol (as acetate) (40.7, 20.8 and 11.8%, respectively, of the neutral metabolites).
Additionally, the glycols underwent further oxidation to yield 2-hydroxymyrcene-1-
carboxylic acid and 3-hydroxymyrcene-10-carboxylic acid (no quantitative data
were given for these acidic metabolites). The authors suggested that uroterpenol
(or limonene-8,9-diol) may have been formed from limonene, which is derived from
cyclization of myrcene in the acidic conditions of the rabbit stomach (Ishida et al.,
1981).

When rats were given myrcene at a dose of 800 mg/kg bw per day orally by
gavage for 20 days, the principal metabolites isolated from the urine were 10-
hydroxylinalool (or myrcene-3,10-glycol) and, to a lesser extent, 7-methyl-3-methy-
lene-oct-6-ene-1,2-diol (or myrcene-1,2-glycol). Other minor metabolites included
the hydroxy acids of both the 3,10- and 1,2-glycols (10-carboxylinalool (or 3-
hydroxymyrcene-10-carboxylic acid) and 2-hydroxy-7-methyl-3-methylene-oct-6-
enoic acid (or 2-hydroxymyrcene-1-carboxylic acid), respectively) and a cyclic diol,
1-hydroxymethyl-4-isopropenylcyclohexanol (or p-menth-8-ene-1,7-diol), formed
by intramolecular cyclization of an open chain metabolite (Madyastha & Srivatsan,
1987). It was demonstrated that the biotransformation of myrcene was CYP-
mediated and that it could be enhanced by pre-treatment of animals with pheno-
barbital (Madyastha & Srivatsan, 1987). Aside from being a substrate for CYP en-
zymes, myrcene has also been shown to induce these enzymes, especially those
from the CYP2B (phenobarbital-inducible) subfamily (De-Oliveira et al., 1997).

These results indicate that the principal urinary metabolites in rats and rabbits
after administration of myrcene by gavage are myrcene-3,10-glycol and myrcene-
1,2-glycol formed from the hydration of the respective epoxide intermediates. In
both species, epoxidation of the 3,10-double bond was favoured over epoxidation
of the 1,2-double bond, while epoxidation of the 6,7-double bond did not seem to
occur. Further oxidized biotransformation products, notably carboxylic acids, and
cyclization products were observed in both rats and rabbits. The proposed metabo-
lism scheme is given in Figure 1.

(i)  Monocyclic hydrocarbons

More than 10 metabolites were found in the urine of rats given d-limonene (or
p-mentha-1,8-diene; No. 1326) at a dose of 800mg/kg bw by oral gavage. Four
of the metabolites were identified as perillic acid, p-menth-1-ene-8,9-diol (or uro-
terpenol, or limonene-8,9-diol), perillic acid-8,9-diol, and 8-hydroxy-p-menth-1-en-
9-yl-B-D-glucopyranosiduronic acid (the glucuronic acid conjugate of uroterpenol).
The bile of these rats contained three metabolites, of which the most important
was 8-hydroxy-p-menth-1-en-9-yl--D-glucopyranosiduronic acid (lgimi et al.,
1974). Six metabolites were identified in the urine of rabbits given the same oral
dose. In addition to the four metabolites identified in rat urine, the rabbit urine
contained p-mentha-1,8-dien-10-ol (or limonene-10-ol) and p-mentha-1,8-dien-10-
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Figure 1. Metabolism of myrcene in rats and rabbits
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yl-B-D-glucopyranosiduronic acid (the glucuronic acid conjugate of p-mentha-1,8-
dien-10-ol). Although not determined quantitatively, perillic acid, perillic acid-8,9-diol
and both glucuronic acid conjugates were the major metabolites in rabbit urine,
and no unchanged d-limonene was detected (Kodama et al., 1974). The same
authors identified an additional five metabolites in the urine of rats and dogs treated
orally with d-limonene. These were characterized as 2-hydroxy-p-menth-8-en-7-oic
acid, perillylglycine, perillyl-B-D-glucopyranosiduronic acid (the glucuronic acid of
perillic acid), p-mentha-1,8-dien-6-ol (or limonene-6-ol), and p-menth-1-ene-6,8,9-
triol. They also found some species differences in the nature of the major metabo-
lites in urine. Perillic acid-8,9-diol was the main metabolite in rats and rabbits,
perillyl-B-D-glucopyranosiduronic acid in hamsters, uroterpenol in dogs, and the
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glucuronic acid conjugate of uroterpenol in guinea-pigs and humans. It should be
noted that the fate of only 40-65% of the d-limonene dose administered orally to
these animals and humans was accounted for (Kodama et al., 1976).

Perillic acid, dihydroperillic acid, and limonene-1,2-diol were the major metabo-
lites identified in the plasma of humans given an oral dose of d-limonene. Minor
metabolites were the methyl esters of perillic acid and dihydroperillic acid, and d-
limonene itself (Crowell et al., 1994). Apart from the parent compound, Poon et al.
(1996) and Vigushin et al. (1998) also identified perillic acid, dihydroperillic acid,
and limonene-1,2-diol as major metabolites in human plasma. However, they also
found two other metabolites, i.e. p-mentha-1,8-diene-10-carboxylic acid and limo-
nene-8,9-diol (or uroterpenol), while they did not detect the methyl esters of perillic
acid and dihydroperillic acid. Peak plasma concentrations of all metabolites were
achieved 4—6 h after administration, with the exception of limonene-8,9-diol which
reached its peak 1h after administration (Poon et al., 1996). Metabolites in human
urine comprised the glucuronic acid conjugates of perillic acid, dihydroperillic acid,
p-mentha-1,8-diene-10-carboxylic acid, limonene-8,9-diol, and limonene-10-ol
(Poon et al., 1996).

These results indicate that metabolism of d-limonene (see Figure 2) proceeds
either by allylic oxidation of the exocyclic methyl group to yield perillic acid deriva-
tives (e.g. perillic acid and dihydroperillic acid), by epoxidation and hydrolysis to
yield diols (e.g. limonene-1,2-diol and limonene-8,9-diol), or by hydroxylation to
yield monohydroxy compounds (e.g. limonene-6-ol, limonene-10-ol). Experiments
in vitro have shown that epoxidation of the C8 double bond is favoured over epoxi-
dation of the C1 double bond, due to steric hindrance of the 1-methyl group: upon
incubation with rat liver microsomes, the majority of d-limonene was converted to
the 8,9-epoxide and the 8,9-diol, and to a much lesser extent, to the 1,2-epoxide
and the 1,2-diol (Watabe et al., 1981). Other experiments in vitro have shown that
male rats can convert d-limonene into perillyl alcohol (by hydroxylation of the
methyl group at C7) and carveol (or limonene-6-ol; by ring C6-hydroxylation).
These reactions are catalysed by CYP2C11 and, when pre-treated with phenobar-
bital, CYP2B1. In female rats, the activity for conversion to either alcohol is much
lower. Apparently, the female-specific CYP2C12 has no activity with respect to d-
limonene hydroxylation. In males, the hydroxylation activities were not detectable
with fetal liver microsomes, but they increased after birth, closely related to the
developmental increase in CYP2C11 (Miyazawa et al., 2002). Limonene has also
been shown to induce CYP enzymes of the CYP2B and CYP2C subfamilies (Austin
et al., 1988; Maltzman et al., 1991).

The metabolic products constitute the major plasma metabolites, but unchanged
d-limonene was also present, as were perillic acid artefacts (methyl esters) in one
study. Perillic acid can be excreted unchanged, or as the glycine or glucuronic acid
conjugate in the urine, or it can be further oxidized to perillic acid-8,9-diol or 2-
hydroxy-p-menth-8-en-7-oic acid. Glucuronic acid conjugates in urine have also
been identified for dihydroperillic acid, for p-mentha-1,8-diene-10-carboxylic acid,
for limonene-8,9-diol, and for limonene-10-ol. Although most metabolites have
been identified in several species, there are species differences as to the im-
portance of the different pathways. In the rat, the major pathway is via perillic acid
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and metabolites thereof (especially perillic acid-8,9-diol). Minor pathways in the rat
include epoxidation of the 8,9-double bond, with subsequent hydrolysis to the
corresponding diol and glucuronidation, or oxidation at C10 or C6 positions, with
subsequent glucuronidation. In the hamster, the perillic acid derivatives were more
important (especially the conjugate of perillic acid) than the 8,9-epoxide-deriva-
tives, while in guinea-pigs and in rabbits they were equally important. In dogs and
humans, however, the 8,9-epoxide derivatives were more important than the peril-
lic acid derivatives in the study by Kodama et al. (1976), while other investigators
(Crowell et al., 1994; Poon et al., 1996; Vigushin et al., 1998) identified perillic acid
and its derivatives as major metabolites in humans, next to 8,9- and 1,2-epoxide
derivatives.

Figure 2. Metabolism of d-limonene
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(iii)  Bicyclic hydrocarbons

In the urine of sawmill workers exposed to an atmosphere containing o.-pinene
(No. 1329) at 0.031-0.210mg/I, B-pinene (No. 1330) at 0.002-0.017mg/l, and &-
3-carene (No. 1342) at 0.006—0.090 mg/I for 3 days, cis and trans-verbenol were
identified as metabolites. They were excreted as conjugates, probably with gluc-
uronic acid. The authors suggested that these metabolites were formed by hydrox-
ylation of oa-pinene (Eriksson & Levin, 1990). Analysis of urinary metabolites
eliminated by human volunteers within 4h after exposure to o-pinene at 0.010—
0.450mg/I for 2h revealed that a-pinene is indeed eliminated as cis- and trans-
verbenol, at a ratio of 1:10, within 20h after exposure (Levin et al., 1992). In a
more extensive metabolic study, urine was collected from sawmill workers at the
end of an 8-9h work shift or from chamber-exposed individuals. After hydrolysis
of glucuronic acid conjugates, cis- and trans-verbenol were identified in the urine,
together with two diols, cis- and trans-4-hydroxymyrtenol, formed by methyl group
hydroxylation of cis- and trans-verbenol. Trans-4-hydroxymyrtenal was also
detected (Eriksson & Levin, 1996).

In the urine of rabbits given (+)-o-pinene, (-)-a-pinene, (x)-o-pinene, (-)-B-
pinene, or 8-3-carene orally via gavage, bicyclic terpene hydrocarbon metabolites
were recovered as (glucuronic acid) conjugates or as further oxidized metabolites,
notably carboxylic acids. The principal neutral metabolite formed by oxidation at
the C4 position in the alicyclic ring of each of the three stereochemical forms of
o-pinene was frans-verbenol. As a minor pathway, allylic oxidation of the exocyclic
methyl group to yield myrtenol was observed for all three o-pinene stereoisomers,
with also myrtenic acid as minor metabolite (Ishida et al., 1981). The presence of
an exocyclic alkene function in (=)-B-pinene provided additional metabolic options,
and four neutral and one acidic metabolites were identified. Allylic oxidation of the
C2 position yields (+)-trans-pinocarveol, while epoxidation of the exocyclic alkene
followed by hydration or rearrangement yields (-)-trans-10-pinanol and (-)-1-p-
menthene-7,8-diol, respectively. Ring cleavage yields (-)-o-terpineol. These
metabolites comprised 11, 39, 30 or 5% of the total urinary neutral metabolite
fraction, respectively. The acidic metabolite identified was identical to the one
identified for the a-pinenes (Ishida et al., 1981). The metabolism of a- and B-pinene
is depicted in Figure 3. A study with rat liver microsomes in vitro demonstrated the
involvement of CYP enzymes in the metabolism of a.-pinene. Metabolites present
were B-pinene and limonene together with smaller amounts of trans-verbenol,
myrtenol, verbenone, and pinene oxide (White & Agosin, 1980). a-Pinene, as well
as another bicyclic hydrocarbon, i.e. cadinene, have been shown to induce CYP
enzymes, especially those from the CYP2B subfamily, and to a lesser extent also
CYP3A2 (cadinene) and CYP4A2 (o-pinene) (Austin et al., 1988; Hiroi et al.,
1995).

5-3-Carene undergoes stereoselective hydroxylation at the gem-methyl group
(yielding 3-caren-9-ol), followed by carboxylation, allylic oxidation of the C10 methyl
group followed by carboxylation or, as the main route, allylic ring opening and
hydroxylation at a secondary carbon atom, yielding (-)-m-mentha-4,6-dien-8-ol
(72% of the total urinary neutral metabolite fraction) and m-cymen-8-ol (Ishida
et al., 1981).
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Figure 3. Metabolism of a-pinene and B-pinene
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In rabbits, B-caryophyllene (No. 1324) undergoes epoxidation of the endocylic
5,6-double bond to yield a stable epoxide metabolite and hydroxylation at the
gem-dimethyl group. Epoxidation of the exocyclic 2,12-double bond, ultimately
resulting in 2,12-diol formation, was also reported (Asakawa et al., 1981, 1986).

In summary

On the basis of the available data, it is anticipated that all the aliphatic and ali-
cyclic hydrocarbons in this group will participate in similar pathways of metabolic
detoxification in mammals, including humans. After absorption, these hydrocar-
bons are oxidized to polar oxygenated metabolites via CYP enzymes and alcohol
and aldehyde dehydrogenases. The aliphatic and alicyclic substances are oxidized
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either by side-chain oxidation or by epoxidation of an exocyclic or endocyclic
double bond. Alkyl oxidation initially yields hydroxylated metabolites that may be
excreted in conjugated form or undergo further oxidation, yielding more polar
metabolites that are also excreted in conjugated form in the urine. If a double bond
is present, epoxide metabolites may form and these metabolites are detoxified
either by hydrolysis to yield diols, or by conjugation with glutathione.

2.3.2 Toxicological studies

All toxicological studies with d-limonene (No. 1326) described in the following
sections (a) to (e) have been evaluated previously by the Committee and formed
the basis for setting the ADI ‘not specified’ for d-limonene (Annex 1, references
101 and 107). Since d-limonene is now being evaluated as part of the group of
aliphatic and alicyclic hydrocarbons, the studies are reported again in this mono-
graph, in somewhat more detail, in order to have present all toxicological in-
formation on this group of flavouring agents.

(a) Acute toxicity

Oral median lethal dose (LDs,) values have been reported for 16 of the 20
substances in this group, three of them being tested in both mice and rats, and
the other 13 only in rats (see Table 3). In mice, oral LDs, values were all >2000 mg/
kg bw (Hoffmann-LaRoche, 1967; Pellmont, 1973; Tsuji et al., 1975a). In rats, oral
LDs, values ranged from 1590 to >8000 mg/kg bw (Brownlee, 1940; Wong & Hart,
1971; Keating, 1972; Moreno, 1972a, 1972b, 1972c, 1972d, 1973a, 1973b;
Pellmont, 1973; Moreno, 1974a, 1974b; Levenstein, 1975; Moreno, 1975; Tsuiji
et al., 1975a; Moreno, 1976a, 1976b, 1980). These LD, values indicate that the
acute oral toxicity of aliphatic and alicyclic hydrocarbons is low.

(b) Short-term studies of toxicity

Short-term studies of toxicity were available for four of the 20 substances in
this group (Tsuji et al., 1975a, 1975b; Kanerva et al., 1987; Shapiro, 1988; Webb
et al., 1989; National Toxicology Program, 1990, Webb et al., 1990; National Toxi-
cology Program, 2004a, 2004b). The results of these studies are summarized in
Table 4 (except for the substance d-limonene, for which already an ADI ‘not speci-
fied’ was established; see 1.1) and described below.

() d-Limonene (No. 1326)
Mice

Groups of five male and five female B6C3F; mice were given d-limonene at a
dose of 0, 413, 825, 1650, 3300, or 6600 mg/kg bw per day in corn oil by gavage
for 12 days, over a 16-day period. The animals were observed twice per day and
weighed once per week. Necropsies were performed on all animals. Histopathol-
ogy was performed on the survivors in the groups receiving the highest dose. The
study complied with good laboratory practice (GLP).
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Table 3. Studies of the acute toxicity of aliphatic and alicyclic hydrocarbons
administered orally

No. Flavouring agent Species Sex LDso Reference
(mg/kg bw)
1323 Camphene Rat NR >5000 Moreno (1974a)
1324 B-Caryophyllene Rat M, F >5000 Wong & Hart
(1971)
1326 d-Limonene Mouse M, F 5600 (M) Tsuiji et al. (1975a)
6600 (F)
1326 d-Limonene Rat M >5000 Moreno (1972a)
1326 d-Limonene Rat M, F 4400 (M) Tsuji et al. (1975a)
5200 (F)
1327 Myrcene Rat M >5000 Moreno (1972b)
1328 o-Phellandrene Rat M 5700 Moreno (1972c)
1328 o-Phellandrene Rat M, F 1.87mlkg Brownlee (1940)
(1590%)
1330 B-Pinene Rat NR >5000 Moreno (1975)
1331 Terpinolene Rat NR 4.39ml/kg Levenstein (1975)
(3753
1336 Bisabolene Rat NR >5000 Moreno (1974b)
1336 Bisabolene Mouse M, F >13360 Hoffmann-LaRoche
(1967)
1337 Valencene Rat M >5000 Moreno (1980)
1338 3,7-Dimethyl-1,3, Rat M, F 5000 Moreno (1976a)

6-octatriene

1339 p-Mentha-1,3-diene Rat NR 1680 Moreno (1973a)
1340 p-Mentha-1,4-diene Rat NR 3650 Moreno (1973b)
1341 1,3,5-Undecatriene Mouse M, F >2000 Pellmont (1973)
1341 1,3,5-Undecatriene Rat M, F >8000 Pellmont (1973)
1342 §-3-Carene Rat M 4800 Moreno (1972d)
1346 Cadinene Rat NR >5000 Keating (1972)

1347 Guaiene Rat NR >5000 Moreno (1976b)

F, female; M, male; NR, not reported.
2 Calculated using a density of a-phellandrene of 0.85 (0.835-0.865) g/ml (Lewis, 1999).
® Calculated using a density of terpinolene of 0.855g/ml (Lewis, 1999).

All except one animal at 3300 or 6600 mg/kg bw per day died within 3 days of
study initiation. At 1650 mg/kg bw per day, two animals died (one owing to gavage
error). No treatment-related clinical signs were observed in mice that survived
doses of 1650 mg/kg bw per day or lower, nor were treatment-related histopatho-
logical lesions observed (National Toxicology Program, 1990).

Groups of 10 male and 10 female B6C3F,; mice were given d-limonene at a
dose of 0, 125, 250, 500, 1000 or 2000 mg/kg bw per day in corn oil by gavage,
5 days per week for 13 weeks. The animals were observed twice per day and
weighed once per week. Necropsies were performed on all animals. Histological
examinations were performed on all control animals and on animals at the highest
dose. Tissues examined included a whole range of organs and tissues. The study
complied with GLP.
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One male and two females at 2000mg/kg bw per day, as well as one female
at 500mg/kg bw per day died before the end of the study. Several other animals
died as a result of gavage error. At 1000 and 2000 mg/kg bw per day, male mice
gained less weight than the control animals, with final body weights being 89-90%
of those of the controls. Clinical signs of rough hair coats and decreased activity
were observed for animals at the two highest doses. An alveolar cell adenoma
was reported in the lung of one female at 2000 mg/kg bw per day (National Toxicol-
ogy Program, 1990).

Rats

Groups of five male and five female F344/N rats were given d-limonene at a
dose of 0, 413, 825, 1650, 3300, or 6600 mg/kg bw per day in corn oil by gavage
for 12 days, over a 16-day period. The animals were observed twice per day and
weighed once per week. Necropsies were performed on all animals. Histopathol-
ogy was performed on the survivors in the group receiving the highest dose. The
study complied with GLP.

All except two animals at 3300 or 6600mg/kg bw per day died within 2 days
of study initiation. At 1650mg/kg bw per day, the animals gained less weight than
the control animals, with final body weights being 90-92% of those of the controls.
No treatment-related clinical signs or histopathological lesions were observed in
rats receiving doses of 1650mg/kg bw per day or lower (National Toxicology
Program, 1990).

Groups of 9—10 male and 9-10 female Sprague Dawley JCL rats were given
d-limonene (in 1% Tween 80) at oral doses of 0, 277, 554, 1385, or 2770mg/kg
bw per day for 1 month.

Final body weights and body-weight gains were reduced in all treated males
(in a dose-dependent manner), and in females at 1385mg/kg bw per day. Food
consumption was also reduced in treated males. Blood and urine analysis revealed
increases in haemoglobin, erythrocyte volume fraction, erythrocyte counts and
total protein, and decreases in leukocyte count, alanine aminotransferase, total
cholesterol, bilirubin and blood urea nitrogen. Changes were observed in both
sex